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ABSTRACT
The p ro cess  o f  a b ra s io n  and in d e n ta tio n  and a s s o c ia te d  re s id u a l  
su r fa c e  damage have been s tu d ie d  on n ea r ( 111) s i l i c o n  as a  fu n c tio n  
o f  load  and d i r e c t io n  o f  a b ra s io n . I t  has been shown th a t  a t  v e ry  
low loads on th e  V ickers diamond m icrohardness in d e n te r , th e  damage 
i s  produced in  a th in  su rfa c e  la y e r  by th e  n u c le a tio n  o f  d is lo c a t io n s  
o n ly . H eavier in d e n te r  loads i n i t i a t e  cracks which u l t im a te ly  le a d  to  
th e  p ro cess  o f  ch ip p in g . The occu rren ce  o f  ch ipp ing  has been found to  
be  dependent on th e  s c ra tc h in g  d i r e c t io n ,  w ith  a s tro n g  sense  e f f e c t  
in  <112>- d i r e c t io n s .  A [112] s c r a tc h  has been found to  be h e a v ily  
chipped w h ile  th e  co rrespond ing  [ l l 2] -  s c ra tc h  i s  bounded by chevron 
c racks o n ly . Scanning e le c tro n  m icroscopy has shown th e  c lay ey  n a tu re  
o f  m a te r ia l  in  th e  c e n tr a l  p a r ts  o f  sh a rp ly  c u t reg io n s  round th e  ch ip  
c a v i t ie s  th a t  have i r r e g u la r ly  curved su rfa c e  t r a c e s .  X -ray topography 
has been used to  an a ly se  th e  n a tu re  o f  th e  la rg e  re s id u a l  s t r e s s  round 
th e  s c r a tc h e s .  The sense  e f f e c t  in  <112>- s c ra tc h e s  shows w ider 
to p o g rap h ic  c o n tra s t  round a [112] -  s c ra tc h  than  th e  h e a v ily  chipped 
[112] -  s c r a tc h . No sense  e f f e c t  has been found in  <110>- s c r a tc h e s .
Long range d is lo c a t io n  g lid e  ta k es  p la c e  when th e  s u b s t r a te s  w ith  th e  
s u r fa c e  damage a re  annealed  in  th e  tem p era tu re  range used  fo r  th e  d ev ice  
p ro c e ss in g . The sense  e f f e c t  between th e  <112>- s c ra tc h e s  i s  found to  
p e r s i s t  even a f t e r  h e a t- tre a tm e n t.  The [112]- s c ra tc h e s  em it d is lo c a t io n  
h a l f  loops g l id in g  on (111) while <110>- s c ra tc h e s  em it d is lo c a t io n  
loop segments in te r s e c t in g  th e  f r e e  s u rfa c e  and g l id in g  on in c l in e d  s l i p  
p la n e s . X -ray topography and tra n sm iss io n  e le c tro n  m icroscopy have 
been u s e d .to  c h a ra c te r is e  th e se  d is lo c a t io n s .  A sim ple d is lo c a t io n  
model has been proposed.
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In  th e  t e x t ,  tl\e  m eaning o f <lfO > sh ou ld  be tak en  a s  [ f lO ]  and [fiO ] • and 
o f <112> as [112] and [1 1 2 ] .
1CHAPTER 1 
INTRODUCTION
S il ic o n  i s  known to  be ex trem ely  b r i t t l e  a t  room tem p era tu re .
At h ig h e r tem p era tu res  (above 900°C) i t  becomes d u c t i l e  and s l ip  occurs 
on {111} p la n e s . „•
The in v e s t ig a t io n s  have been  c a r r ie d  o u t on s c r a tc h -  and in d e n ta t io n -  
damage on n e a r  (111) s i l i c o n  s u r fa c e  b o th  a t  low and h igh  tem peratu res  
under a range o f  loads on th e  diamond m icrohardness in d e n te r .  The n a tu re  
o f  th e  damage has been in v e s t ig a te d  by th e  methods o f  o p t ic a l  m icroscopy 
in  v a rio u s  form s, scanning  and tra n sm is s io n  e le c t ro n  m icroscopy and X -ray 
topography.
I t  i s  found th a t  th e  sense  o f  a n iso tro p y  o f  th e  s c ra tc h  damage on 
n e a r (111) s i l i c o n  su rfa ce  depends on th e  te ch n iq u e  used to  in v e s t ig a te  
i t .  Under l i g h t e r  lo a d s , th e  in d e n ta t io n s  have been  in v e s t ig a te d  by 
tra n sm iss io n  e le c tro n  m icroscopy and seen  to  be covered  by a h igh  d e n s i ty  
o f d is lo c a t io n s .  A cc id en ta l s t r e s s e s  due to  h an d lin g  have been found to  
be re s p o n s ib le  fo r  th e  movement o f  d is lo c a t io n  loops to  la rg e  d is ta n c e s  
on v a rio u s  { i l l }  s l i p  p lan es  in  s i l i c o n  even a t  room tem p era tu re .
A nnealing o f  th e  specimens w ith  th e  s c r a tc h -  o r  in d e n ta tio n -  
damage have r e s u l te d  in  punching ou t o f  d i s lo c a t io n  lo o p s. These loops 
have been c h a ra c te r iz e d  b o th  by X -ray topography  and tra n sm iss io n  
e le c tro n  m icroscopy and found t h a t  t h e i r  B urgers v e c to r s  in  g en era l 
a re  p a r a l l e l  t o  th e  <110>- d i r e c t io n s  ly in g  in  th e  (111) p lane  a p p ro x i­
m ate ly  p a r a l l e l  to  th e  f r e e  s u r fa c e .
1-1 CRYSTAL STRUCTURE OF SILICON
S il ic o n  belongs to  th e  group IV o f  th e  p e r io d ic  ta b le  o f  e lem en ts .
I t  c r y s t a l l i z e s  in  th e  diamond s t r u c tu r e  (D .S .) . The D.S. has th e  B ravais  
l a t t i c e  o f  th e  fa c e  c en tred  cub ic  (F .C .C .) b u t each l a t t i c e  p o in t i s  
a s s o c ia te d  w ith  two s i l i c o n  atoms w ith  c o -o rd in a te s  (0 , 0 , 0) and
2a-Ci> 4> J ) ,  a b e in g  th e  le n g th  o f  th e  edge o f  th e  cubic  u n i t  c e l l .  The 
c o -o rd in a tio n  number i s  fo u r w ith  th e  n e a re s t  neighbours a t  a  d is ta n c e  
/3  a /4  arranged  a t  th e  c o rn e rs  o f  a r e g u la r  te tra h e d ro n  as shown in  F ig . 
1 - la .  S il ic o n  belongs to  a  c r y s ta l  c la s s  3m so th a t  i t  has a  3- f o ld  
ax is  o f  r o ta t io n  w ith  a  m ir ro r  p lan e  p a r a l l e l  to  i t ;  Because o f  th e  two 
in te r - p e n e tr a t in g  F .C .C . u n i t  c e l l s  form ing th e  D .S ., th e  c lo se -p ack ed  
{ i l l}  p lanes o f  th e  F .C .C . occur in  p a i r s  in  th e  <111> d i r e c t io n s  in  th e  
D.S. as shown in  F ig . 1 - lb .  I f  th e  s ta c k in g  sequence o f  th e  {111} c lo s e -  
packed p lan es  in  th e  f i r s t  F .C .C . s u b - la t t i c e  o f  th e  D.S. be ABCABC.... 
and th a t  o f  th e  second d isp la c e d  by a<444>: w ith  r e s p e c t  to  th e  f i r s t  
be aB yaB y ..., th e n  th e  c lo s e ly  spaced doub le  p lanes aB, BG, yA a re  
lin k ed  by th re e  tim es as many bonds as  e x is t  between th e  th r e e  tim es 
d is ta n t  p a i r  o f  p la n e s  Aa, BB, Cy.
1-2 DEFECTS IN CRYSTALLINE SOLIDS
The e n t i t i e s  known as c r y s ta l s  a re  made up o f  a p e r io d ic  arrangem ent 
o f  atoms. I r r e v e r s ib le  defo rm ation  in  such p e r f e c t  c r y s ta l s  o ccu rs  i f  
one s e t  o f  atoms in  a  p la n e  o f  th e  c r y s ta l  s l id e s  over th e  atoms in  th e  
ad jac e n t p lan e  by a r i g i d  body t r a n s l a t i o n .  With th e  knowledge o f  i n t e r ­
atomic spacing  o f  th e  c r y s t a l l i n e  m a te r ia l ,  i t  i s  p o s s ib le  to  c a lc u la te  
th e  magnitude o f  th e  sh ea r s t r e s s  re q u ire d  to  produce p l a s t i c  d e fo rm a tio n . 
The sh ear s t r e s s  so c a lc u la te d  i s  th e  th e o r e t ic a l  sh ea r s t r e n g th  o f  th e  
m a te r ia l .  I t  i s ,  in  f a c t ,  a f r a c t io n  ('vG/b) o f  th e  sh ea r m odulus, G, 
o f  th e  m a te r ia l .  In  a c tu a l  p r a c t ic e  p l a s t i c  deform ation  in  c r y s ta l s  
occurs long befo re ' th e  th e o r e t i c a l  sh e a r  s tre n g th  i s  re ach ed . A d isc rep a n c y  
o f  s e v e ra l o rd e rs  o f  m agnitude ( 10~^ -  10 ^ ) ,  in  f a c t ,  e x i s t s  betw een th e  
th e o r e t ic a l  and observed  sh ea r s t r e n g th  o f  a  c r y s ta l l in e  m a te r ia l .  I t  i s .  
n a tu ra l  to  p o s tu la te  th e  p re sen ce  o f  d e fe c ts  o f  ze ro , one, two o r  th r e e  
dim ensions in  th e  c r y s t a l l i n e  s o l id s .  These can be r e s p e c t iv e ly  term ed as 
p o in t ,  l i n e ,  sh e e t o r  volume d e f e c ts .  The m issing  atom from a l a t t i c e  
s i t e ,  fo r  in s ta n c e , c o n s t i tu te s  a vacancy, a d e fe c t o f  zero  d im ension .
i * ‘ ,
3I f  vacan c ies  jo in  to g e th e r  fo  form a 'void* th e y  produce a th re e  
d im ensional d e fe c t .  S im ila r ly , th e  g ra in -b o u n d a rie s  a re  an example o f  
two d im ensional d e fe c ts  in  c r y s t a l s .  But th e  most im p o rtan t i s  th e  
l in e  d e f e c t ,  known as  a d is lo c a t io n .  The concept o f  d is lo c a t io n  was 
in tro d u ced  in to  th e  continuum  th e o ry  o f  e l a s t i c i t y  by V o lte r ra  (1907). 
P ran d tl was th e  f i r s t  to  u se  th e  d is lo c a t io n  concept in  a c r y s t a l l i n e  
s o l id .  Ind ep en d en tly  T ay lo r, Orowan and P o lany i (1934) and B urger (1939) 
developed th e  d is lo c a t io n  co n cep t. The d is lo c a t io n  th e o ry  has s in c e  th en  
advanced a p p re c ia b ly  and pow erful techn iques have been  developed to  
s tudy  v a rio u s  a sp e c ts  o f  d is lo c a t io n s .
1-3 DISLOCATIONS IN CRYSTALLINE MATERIALS
A c r y s ta l  can be deformed by th e  a p p l ic a t io n  o f  a la rg e  s h e a r  
s t r e s s .  The p ro c e ss  occu rs  due to  a d isp lacem ent o f  one p a r t  o f  th e  
c ry s ta l  over th e  o th e r  on a c ry s ta l lo g ra p h ic  p lan e  ( c a l le d  th e  s l i p  
p lane) in  a p a r t i c u l a r  d i r e c t io n  (th e  s l i p  d i r e c t i o n ) .  A l in e  in  th e  
s l i p  p lan e  which s e p a ra te s  th e  s lip p e d  re g io n  from th e  u n s lip p ed  re g io n  
i s  c a l le d  a d i s lo c a t io n .  A d is lo c a t io n  can be c h a ra c te r iz e d  by a v e c to r  
q u a n tity , b^ , th e  B urgers v e c to r ,  which re p re s e n ts  th e  amount o f  th e  lo c a l  
s l i p ,  o r more g e n e ra l ly  th e  d if f e r e n c e  in  th e  amount o f  lo c a l  s l i p  in  
th e  ne ig h b o u rin g  re g io n s . A d is lo c a t io n  l in e  p o s se sse s  th e  same 
B urgers v e c to r  th ro u g h o u t i t s  le n g th . I t  means t h a t  a  d is lo c a t io n  
cannot end in  th e  i n t e r i o r  o f  a  c r y s t a l .  E i th e r  i t  ends on th e  f r e e  
su rfa ce  o r  a t  a n o th e r  d is lo c a t io n .  When i t  ends on a n o th e r d i s lo c a t io n ,  
i t  forms a node. At such a node th e  sum o f  th e  B urgers v e c to rs  m ust be 
ze ro , o f  co u rse  w ith  a  p ro p e r s ig n  convention  fo r  th e  B urgers v e c to r s .
A d is lo c a t io n  can be an edge ty p e  (F ig . l -2 a )  o r  a  screw (F ig . l-2 b ) 
in  c h a ra c te r  depending on w hether i t s  B urgers v e c to r  i s  normal to  th e  ' 
d is lo c a t io n  l i n e  o r  p a r a l l e l  to  i t .  In  g e n e ra l, d is lo c a t io n s  in  c r y s t a l s  
a re  o f  mixed c h a r a c te r .  A pure  edge d is lo c a t io n  has an e x tra  row o f  atom s. 
Thus i t  can 'clim b* up (o r down) by one atom sp ac in g  by ab so rb in g  (o r
4em ittin g ) a vacancy. D uring t h i s  p rocess  o f  lo c a l iz e d  clim b i f  th e  
d is lo c a t io n  l in e  no lo n g e r l i e s  in  one s l i p  p la n e , i t  i s  1 jo g g ed 1.
On th e  o th e r  hand i f  th e  d is lo c a t io n  l in e  i s  o f f s e t  in  th e  p rim ary  s l i p  
p la n e , i t  i s  'k in k e d 1. M u ltip le  c r o s s - s l ip  occurs i f  th e  jo g s  a re  formed 
in  a  screw d is lo c a t io n ,  because  th en  th e  screw component i s  p inned  and 
th e  jo g  s t a r t s  a c t in g  l i k e  a d is lo c a t io n  source  (o f  Frank-Read type) 
and causes m u l t ip l ic a t io n  and sp read in g  o f d is lo c a t io n s  in  nearby  s l i p  
p la n e s .
i-4  DISLOCATIONS IN SILICON
The c lo se -p ack ed  {‘111) p lan es  a re  th e  s l i p  p la n e s  o f  s i l i c o n .  The 
s h o r te s t  d is ta n c e  between two neighbouring  s i l i c o n  atoms in  th e  e q u iv a le n t 
p o s i t io n s  c o n s t i tu te  a Burgers v e c to r .  Thus 2<110>, h a l f  th e  d iag o n a l 
o f th e  cube fa c e , a re  th e  Burgers v e c to rs  fo r  com plete d is lo c a t io n s  in  
s i l i c o n .  H o m stra  (1958) has d e sc rib e d  th e  v a rio u s  d is lo c a t io n  
geom etries in  th e  D.S. The most im portan t o f  th e se  a r e  th e  screw  and 
th e  60° d is lo c a t io n s .  A d is lo c a t io n  l in e  making an a n g le  o f  60° w ith  
th e  B urgers v e c to r  on th e  (1 1 1 )-ty p e  s l i p  p lan e  i s  c a l le d  a 60° 
d is lo c a t io n .  I f  th e  an g le  i s  zero  between th e  B urgers v e c to r  and th e  
d is lo c a t io n  l i n e ,  th e  d i s lo c a t io n  i s  o f  screw ty p e . F ig . l - 3 a  shows a 
screw d is lo c a t io n  in  which th e  hexagons around th e  d is lo c a t io n s  a x is  
have been d i s to r te d  to  a c q u ire  a  b o a t-sh ap e . But th e r e  i s  no e x tra  
h a lf -p la n e  as one e x i s t s  in  a 60° d is lo c a t io n  shown in  F ig . l - 3 b .  In  
f a c t  a  60° d is lo c a t io n  i s  a m ix tu re  o f  a weak screw and a v e ry  s tro n g  
edge component. The e x tr a  h a lf -p la n e  i s  a s s o c ia te d  w ith  a dense row o f  
un p a ired  bonds, c a l le d  th e  'd a n g lin g  b o n d s '. They have th e  e f f e c t  o f  
in tro d u c in g  th e  a c c e p te r  s t a t e s  in  th e  h o s t c r y s ta l  (Read 1954) and th u s  
p la y  a v e ry  im p o rtan t r o le  in  th e  e l e c t r i c a l  p r o p e r t ie s  o f  th e  D .S.
1-5 PREVIOUS WORK
In  o rd e r  to  p ro v id e  a  p h y s ic a l  b a s is  fo r  th e  h a rd n e ss  o f  a 
m a te r ia l ,  H ertz  (1881) so lv ed  th e  problem o f  e l a s t i c  c o n ta c t o f  two
5f r i c t i o n l e s s  b o d ie s . Subsequently  he d e sc r ib e d  th e  occurrence o f  a cone 
crack  th a t  e n c irc le s  th e  c o n ta c t a re a  and p ro p ag a tes  in to  th e  m a te r ia l  
a long  a c o n ica l su rfa c e  when th e  p re s su re  exceeds a c r i t i c a l  v a lu e . 
Auerbach (1891) dem onstrated  th a t  in  o rd e r  to  produce a cone c rack  in  
a f l a t ,  b r i t t l e  specim en, th e  c r i t i c a l  load  Pc fo r  a hard  s p h e r ic a l  
in d e n te r  i s  p ro p o r tio n a l to  th e  ra d iu s  o f  th e  l a t t e r .  The c o n s ta n t o f  
p ro p o r t io n a l i ty  (pc/ r )  was found to  be l i n e a r ly  dependent on y, th e  
f r a c tu r e  su rfa c e  energy  ( f o r  b r i t t l e  m a te r ia ls  i t  i s  sim ply th e  f r e e  
energy to  c re a te  a new u n i t  a re a , Frank and Lawn (1 967)). In c o n t r a s t  
to  A uerbach’s  law th e  H ertz  th e o ry  p re d ic te d  t h a t  th e  maximum t e n s i l e  
s t r e s s  p r io r  to  f r a c tu r e  i s  p ro p o r tio n a l to  th e  re c ip ro c a l  o f  th e  cube 
ro o t o f  ' t h e  ra d iu s  o f  th e  in d e n te r .  T h is s iz e  e f f e c t  was accounted  f o r  
by G r i f f i th  (1920) who su ggested  th a t  th e  f r a c tu r e  in  a  b r i t t l e  m a te r ia l  
r e s u l t s  from p r e - e x is t in g  f la w s , so t h a t  a b ig g e r  in d e n te r  n a tu r a l ly  h as 
a b ig g e r chance to  c ap tu re  a flaw  to  i n i t i a t e  f r a c tu r e  a t  r e l a t i v e l y  low 
s t r e s s e s .  R oesler (1956) d isa g re e d  w ith  G r i f f i t h ’s id ea  o f  flaw  
s t a t i s t i c s  and m ain ta ined  t h a t  i f  th e  id e a  o f  flaw  s t a t i s t i c s  was 
b e lie v e d  t r u e ,  t e s t s  w ith  s m a lle r  p robes should  re v e a l la rg e r  v a r i a t io n s  
in  th e  s tre n g th  o f  th e  m a te r ia ls .  These had n o t been observed .
Lawn (1966) in v e s t ig a te d  th e  developm ent o f  a cone crack  in  b r i t t l e  
m a te r ia ls  on th e  b a s is  o f  th e  inhomogeneous s t r e s s  f i e l d  o f  th e  H ertz  
th e o ry . In  t h i s  s t r e s s  f i e l d ,  th e  th re e  p r in c ip a l  s t r e s s e s ,  deno ted  by 
o y  a2 and Og in  Lawn’s p a p e r , a r e  such th a t  th e y  a re  a l l  com pressive and 
s im ila r  in  m agnitude b enea th  th e  in d e n te r  (F ig . 1 - 4 ) . i O utside th e  
c o n ta c t a re a  o^ i s  t e n s i l e  and r a d i a l ,  f a l l i n g  w ith  d is ta n c e  and i t s  
maximum v a lu e  am ^P0/6  (pQ i s  th e  mean p re s su re )  a t  the  c i r c l e  o f  
c o n ta c t. (*2 , a ’hoop- s t r e s s ’ has v a lu e s  equal b u t o p p o site  to  t h o s e 'o f  
o u ts id e  th e  c o n ta c t a re a , where a^  i s  a lso  t e n s i l e .  In  t h i s  re g io n  
th e  t r a j e c t o r i e s  o f  a re  c i r c l e s  about th e  symmetry a x is .  The 
t r a j e c t o r i e s  o f  a re  approx im ate ly  hyp erb o lae  m eeting th e  su r fa c e
6norm ally . A i s  everywhere com pressive and i s  th e  s m a lle s t o f  th e  
th re e  s t r e s s e s  excep t in  a shallow  re g io n  below th e  s u rfa c e  where 
Lawn has rem arked th a t  o u ts id e  th e  c i r c l e  o f  c o n ta c t th e  s t r e s s  s t a t e  
i s  p u re ly  o f  sh ea r and a c rack  p ropaga tes normal to  th e  g r e a te s t  
t e n s i l e  s t r e s s  o^ . The c rack  s t a r t s  a t  th e  s u r fa c e  f o r  a maximum cr^. 
a2 h e lp s  i t  e n c i r c le  th e  c o n tac t a re a  w hereas a le ad s  i t  in to  th e  depth  
o f  th e  specim en, i n i t i a l l y  p e rp e n d icu la r  to  th e  su rfa c e  and  then  in  an 
'e v e r-w id e n in g 1 cone. He concluded th a t  i t  becomes com p arativ e ly  e a s ie r  
to  i n i t i a t e  cone f r a c tu r e  i f  the  norm ally  loaded  in d e n te r  i s  moved on 
th e  specimen s u r fa c e . He p o in te d  o u t t h a t  th e  c o n c e n tra tio n  o f  th e  
t e n s i l e  s t r e s s  in  th e  re g io n s  behind th e  moving s l i d e r  a s  a r e s u l t  o f  
f r i c t i o n  betw een th e  specimen and th e  in d e n te r  r e s u l t s  i n  c rack in g .
A th e o r e t ic a l  b a s is  f o r  th e  problem o f  a  moving in d e n te r  has been 
p rov ided  by Ham ilton and Goodman (1966). They have shown th a t  an 
in c re a s e  in  f r i c t i o n  r e s u l t s  in  d i s to r t io n  o f  th e  c i r c u l a r  t r a j e c t o r i e s  
o f  th e  maximum t e n s i l e  s t r e s s  o f  th e  H ertz  case  to  th e  curves open 
tow ards th e  d i r e c t io n  o f  m otion.
For most problem s o f  p r a c t ic a l  im portance , 'sm ooth s u r f a c e 1 
th e o r ie s  a re  n o t r e a l i s t i c .  Greenwood and T ripp  (1967), Wilks and 
W ilks (1972), Johnson, O'Connor and Woodward (1973) and Bowden and Tabor
(1974) have d iscu ssed  v a rio u s  a sp e c ts  o f  t h i s  problem . Greenwood and 
T ripp  have an a ly sed  th e  problem  o f  e l a s t i c  c o n ta c t  o f  rough s u r fa c e s . 
T h e ir r e s u l t s  showed th a t  th e  a s p e r i ty  d e n s i ty  and th e  a s p e r i ty  ra d iu s  
have a pronounced e f f e c t  on th e  H e rtz ian  s t r e s s  f i e l d  p a r t i c u l a r ly  a t  
l i g h t e r  lo ad s  (F ig . l - 5 a ) .  They have a ls o  shown th a t  th e  s i tu a t io n  
becomes c lo s e r  to  th e  H e rtz ian  case  i f  th e  lo a d  i s  in c re a se d  (F ig . l - 5 b ) . 
Johnson e t  a l  have concluded th a t  th e  e f f e c t  o f  roughness o f  th e  in d e n te r  
s u rfa c e  was to  reduce  th e  maximum t e n s i l e  s t r e s s  and to  in c re a se  th e  
lo c a t io n  a re a . But t h e i r  work was more concerned  w ith  an o th e r im p o rtan t 
a s p e c t:  th e  d if f e r e n c e  o f  e l a s t i c i t y  o f  th e  in d e n te r  and in d en ted
7m a te r ia l  and i t s  e f f e c t  on th e  H ertz ian  f r a c tu r e .  Using g la s s  and s t e e l  
in d e n te rs  on g la s s  specim ens th e y  found th a t  th e  f r a c tu r e  load re q u ire d  
fo r  th e  s t e e l  b a l l  was more th a n  th a t  re q u ire d  fo r  th e  g la s s  b a l l  under 
o th e rw ise  s im ila r  experim en tal c o n d itio n s . They proposed th a t  th e  m utual 
p re s su re  a t  th e  in te r f a c e  produced a r e l a t i v e  movement o f  th e  m ating 
s u r fa c e s . The r e l a t i v e  ta n g e n t ia l  d isp lacem en ts  depended on th e  r e l a t i v e  
e l a s t i c  p r o p e r t ie s  ( in  p a r t i c u l a r  th e  P o is s o n 's  r a t i o  v and th e  sh ea r 
modulus G) o f  th e  m a te r ia ls  and were opposed by th e  lo c a l  f r i c t i o n  a t  th e  
in te r f a c e  r e s u l t in g  in  th e  e s tab lish m en t o f  ta n g e n t ia l  su rfa c e  t r a c t i o n s .  
The amount o f  th e  r e l a t i v e  s l i p  and th e  m agnitude o f  th e  t r a c t io n s  
depended on th e  lo c a l v a lu e  o f  f r i c t i o n .  B roes, Groenon, Maan and 
Veldkemp (1975) have re p o r te d  t h a t  th e  c o - e f f i c i e n t  o f  f r i c t i o n  measured 
in  th e  experim ents on s c ra tc h in g  o f v a r io u s  ceram ic m a te r ia ls  i s  load 
dependen t. Moreover la rg e  f lu c tu a t io n s  in  th e  ta n g e n t ia l  fo rc e  r e s u l t  
a t  h e a v ie r  loads when c rack in g  and ch ipp ing  o ccu r.
D uring s c ra tc h in g  and in d e n ta t io n  experim ents on b r i t t l e  m a te r ia ls ,  
ch ipp ing  h as been observed a t  h e a v ie r  lo a d s . The phenomenon has been 
ex p la in ed  by Lawn and co-w orkers (Lawn and Swain (1975), Hockey and Lawn
(1975), Lawn, Swain and P h i l l ip s  (1975) and Lawn and Wilshaw (1975).
They have proposed th a t  an in d e n ta tio n  t e s t  can be tak en  as to  be composed 
o f  'lo a d in g 1 and 'u n lo a d in g ' h a l f - c y c le s .  On lo a d in g , th e  f i r s t  h a l f ­
c y c le , a  c rack  term ed a  'm edian v e n t ' i n i t i a t e s  below  a sharp  p o in t  and 
extends downwards on a p la n e  o f  symmetry c o n ta in in g  th e  load  a x is .  The 
median v en t s t a r t s  c lo s in g  as th e  specimen i s  un loaded . But j u s t  p r io r  
to  com plete u n lo ad in g , a second system  o f  c rack s  i n i t i a t e s  due to  th e  
t e n s i l e  s t r e s s e s  u n d erneath  th e  su r fa c e , where th e y  a re  p a r a l l e l  to  th e  
l a t t e r .  They g iv e  r i s e  to  th e  su b su rface  ' l a t e r a l  v e n t ' c rack s  which* 
a c q u ire  a  sau cer-sh ap ed  geom etry when f u l l y  developed . Lawn and co-w orkers 
b e l ie v e  t h a t  th e  ch ip s  a re  l i f t e d  on un lo ad in g  due to  th e  r e s id u a l  
s t r e s s e s .  The c ry s ta l lo g ra p h ic  a n iso tro p y  p la y s  an im p o rtan t r o l e  in
8determ in ing  th e  c rack  p a th s  as p o in te d  ou t by Lawn (1968). Wilks and 
Wilks (1972) have re p o r te d  th a t  th e  a b ra s io n  o f  diamond was n o t on ly  
s e n s i t iv e  to  th e  d i r e c t io n  o f  a b ra s io n  b u t a lso  to  th e  change in  th e  
c ry s ta l lo g ra p h ic  o r ie n ta t io n  o f  th e  f a c e t  ab raded . Using Tolkowsky's 
b lock  model (1920) th e y  in te r p r e te d  th e  phenomenon o f  ch ip p in g  in  diamond 
as a m icro -c leavage  p ro cess  in  which f r a c tu r e  occurs a long  th e  p re fe r re d  
o c tah ed ra l p la n e s . They d isco v e red  th a t  in  th e  (111) p la n e  o f  diamond, 
[112] was a s o f t  d i r e c t io n  compared to  th e  [112]. But i f  th e  f r e e  
su rface  n ea r th e  (111) was t i l t e d  about th e  [110] -  [110] ax is  by 3° 
tow ards th e  cube fa c e , th e  a n iso tro p y  re v e rse d  i t s  s ig n . Renninger 
(1972) in v e s t ig a te d  th e  q u e s tio n  o f  l a t t i c e  d i s to r t io n s  o f  s i l i c o n  
s in g le  c r y s ta l s  by s c ra tc h in g  them and l a t e r  examining by double c r y s ta l  
d if f ra c to m e try . He no ted  th a t  th e  s t r a i n  f i e ld s  due to  s c ra tc h in g  were 
about t h i r t y  tim es w ider in  X -ray m icrographs th an  th o se  observed by 
o p t ic a l  m icroscopy. By u s in g  lo ad s  o f  500 and 750 gm, he d e te c te d  th e  
l a t t i c e  damage as deep as 150 pm below th e  su rfa c e  by p o lis h in g  th e  
sc ra tch ed  su rfa c e  a t  an a n g le . But th e  re p o rte d  sen se  e f f e c t  in  h i s  
paper seems to  be co n fu s in g . He has no t p re sen te d  any p ic tu r e s  to  
confirm  th a t  s c ra tc h in g  in  th e  [112] d i r e c t io n  always causes le s s  damage 
th an  in  th e  o p p o s ite  d i r e c t io n .  Moreover in  th e  fo o tn o te  he says r i t  
has been confirm ed by many f u r th e r  topographs and a lso  by  o p t ic a l  m ic ro ­
g ra p h s '.  B ad rick , E ldeghaidy , P u t t ic k  and Shahid (1977) have shown t h a t  
th e  sense o f  a n iso tro p y  due to  s c ra tc h in g  depends on th e  tech n iq u e  
employed to  d e te c t  i t .  X -ray topography re v e a ls  th e  sen se  o f  a n iso tro p y  
o p p o site  to  th e  one d e te c te d  by o p t ic a l  m icroscopy. They have shown t h a t  
s c ra tc h in g  in  th e  [112] d i r e c t io n  produces an a p p a re n tly  w ider f i e l d  o f  
s c ra tc h  damage due to  ch ip p in g  o f  th e  m a te r ia l .  On th e  o th e r  hand 
s c ra tc h in g  in  th e  [112] d i r e c t io n  shows c rack in g  in s te a d  and so o p t i c a l l y  
le s s  damage. In  X -ray to p o g rap h s , th e  [1123 s c ra tc h  shows a w ider s t r a i n  
f i e l d  compared to  th e  [112] s c r a tc h .  B adrick e t  a l  b e l ie v e  t h a t  th e
9removal o f  a ch ip  r e l ie v e s  th e  r e s id u a l  s t r e s s  which produces t h i s  sense 
e f f e c t  in  X -ray topography o p p o s ite  to  o p t ic a l  m icroscopy. Moreover 
th e y  have concluded th a t  th e  lo n g -ran g e  f i e l d  o f  r e s id u a l  e l a s t i c  s t r a i n  
i s  in  p lan e  s t r a in  com pression as has been shown by Frank, Lawn, Lang 
and Wilks (1967) fo r  th e  m ic ro ab rasio n  o f  diamond. S im ila r r e s u l t s  
have been re p o rte d  by Sunada (1974) who used a d iv e rg e n t X-ray beam 
tech n iq u e  to  d e te c t  m is o r ie n ta t io n  o f  th e  l a t t i c e  p lan e  n ear th e  
s c ra tc h e s  on ( 111) s i l i c o n  s in g le  c r y s t a l s .
The q u e s tio n , w hether o r  n o t p l a s t i c  flow  occu rs  a t  room tem p era tu re  
in  s i l i c o n  d u ring  th e  p ro cess  o f  s u rfa c e  damage, rem ains s t i l l  unansw ered. 
Many re s e a rc h e rs  have t r i e d  to  so lv e  t h i s  problem , u s in g  d i f f e r e n t  
te c h n iq u e s , b u t th ey  have n o t a r r iv e d  a t  a c o n s is te n t  conclusion  re g a rd in g  
th e  above q u e s tio n .
G allagher (1952) was th e  f i r s t  to  observe  p l a s t i c  flow  in  
germanium and s i l i c o n .  By deform ing s i l i c o n  s in g le  c r y s ta ls  in  te n s io n  
and in  to r s io n  above 900°C he was a b le  to  show th a t  s i l i c o n  which i s  
b r i t t l e  a t  room tem p era tu re , becomes d u c t i l e  in  th e  v i c in i t y  o f  900°C.
He showed th a t  s l i p  occurs on {111} p la n es  re v e a lin g  w e ll-d e fin e d  s l i p -  
bands. By deform ing s i l i c o n  and germanium a t  800°C, Geach, I rv in g  and 
P h i l ip s  (1957) re p o rte d  th e  d i r e c t  o b se rv a tio n  o f  d is lo c a t io n s  in  a 
tra n sm iss io n  e le c tro n  m icroscope. A ccording to  t h e i r  o b se rv a tio n s  th e  
d is lo c a t io n s  were seen to  l i e  c lo s e  to  <112> d i r e c t io n s  on {111} s l i p -  
p la n e s . S e itz  (1952) concluded th a t  th e  a c t iv e  d is lo c a t io n s  should 
move on {111}- ty p e  s l i p  p la n es  w ith  t h e i r  B urgers v e c to rs  o f J  [110]- 
ty p e .
S ev era l methods were developed to  see  in d iv id u a l  d is lo c a t io n s .
Dash (1956) succeeded in  o b se rv in g  d is lo c a t io n s  by d e c o ra tin g  them. The 
method c o n s is te d  o f  an n ea lin g  a s i l i c o n  s in g le  c r y s ta l  fo r  one hour a t  
900°C so th a t  a c e r ta in  amount o f  copper was d is so lv e d  in  s i l i c o n .  On 
quenching th e  c r y s ta l ,  copper p r e c ip i t a t e d  a long  th e  d is lo c a t io n  l i n e s .  
These d eco ra ted  d is lo c a t io n s  were v i s i b l e  in  a  m icroscope f i t t e d  w ith
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an in f r a - r e d  image c o n v e r te r  (because s i l i c o n  i s  t r a n s p a re n t  to  i n f r a ­
red  l ig h t  whereas copper i s  n o t ) .  For most p r a c t ic a l  p u rp o ses  in  
re se a rc h  work, t h i s  method i s  n o t s u i ta b le  because i t  s t a r t s  w ith  h e a t-  
tre a tm en t which s tro n g ly  in f lu e n c e s  d is lo c a t io n  re -a rran g em en t.
The method o f  e t c h - p i t t i n g  i s  e x te n s iv e ly  used to  re v e a l in d iv id u a l 
d is lo c a tio n s  in te r s e c t in g  th e  f r e e  su rfa c e  and to  measure d is lo c a t io n  
d e n s i t ie s ,  d is lo c a t io n  v e l o c i t i e s  and t h e i r  dependence on tem p e ra tu re  
and ap p lied  s t r e s s .  Chaudhury, P a te l  and Rubin (1962) used th e  double  
e tch  techn ique  o f  Johnston  and Gilman (1959) to  measure d is lo c a t io n  
v e lo c i t ie s  in  s i l i c o n .  Follow ing  th e  method o f S te in  and Low (1960) 
th ey  sc ra tch ed  th e  s u r fa c e  o f  s i l i c o n  c r y s ta l  by a m icrohardness 
in d e n te r . The s c ra tc h  em itted  d is lo c a t io n  loops when th e  c r y s ta l  was 
s t r e s s e d .  The p o s i t io n s  o f  th e  loop ends in te r s e c t in g  th e  s u r fa c e  were 
re v ea led  by e tch  p i t t i n g  fo llow ed  by th e  a p p lic a tio n  o f  a s t r e s s  p u ls e  
by th re e  p o in t bending  fo r  a known p e rio d  o f  tim e At a t  a  te m p e ra tu re  T. 
The c r y s ta l  su rfa c e  was re -e tc h e d  to  re v e a l th e  new p o s i t io n s  o f  th e  
expanded lo o p -en d s. M easuring th e  d is ta n c e  Ax (which was p ro p o r t io n a l  
to  At) th e  d is lo c a t io n  v e lo c i ty  V^,(x) = (Ax/At)^ was d e te rm in ed . They 
concluded th a t  th e  d is lo c a t io n  v e lo c i ty  depends on tem p era tu re  acco rd in g  
to  th e  fo llo w in g  r e l a t i o n
V = VQ (t ) exp ( -  E/kT)
where VQ (t ) i s  a  fu n c tio n  o f  th e  a p p lie d  s t r e s s  and E i s  th e  a c t i v a t io n  
energy equal to  2 .2  eV f o r  s i l i c o n  acco rd in g  to  t h e i r  r e s u l t s .  M oreover 
th ey  concluded th a t  th e  d i s lo c a t io n  v e lo c i t i e s  v a ry  as 1 .5  power o f  th e  
s t r e s s .  E ro feev , N ik iten k o  and Osvenskh (1969) and E rofeev  and 
N ikitenko (1971) s tu d ie d  th e  dependence o f  60° and screw d i lo c a t io n  
m o b il i t ie s  on th e  a p p lie d  s t r e s s ,  tem p era tu re  and im p u rity  c o n c e n tra tio n s  
in  s i l i c o n .  They a r r iv e d  a t  th e  s tre s s - te m p e ra tu re  dependence o f  
d is lo c a t io n  v e l o c i t i e s .as
v  =  Vo  ( T / T o ) m exp ( - E/kT) • ■
where VQ and tq a re  c o n s ta n ts ,  th e  exponent m d e c rea se s  s l i g h t l y  by 
in c re a s in g  th e  doping le v e l .  George and Champier (1975) confirm ed th e  
r e s u l t s  o f  Chaudhury e t  a l  and E rofeev e t  a l  and f u r th e r  concluded 
(from th e  o b je c t io n s  r a is e d  by Novikov, B adilenko and Butchenko (1972) 
on th e  p re v io u s ly  re p o r te d  r e s u l t s  on d is lo c a t io n  v e lo c i t i e s )  th a t  th e  
grow n-in d is lo c a t io n s  can a c t  as o b s ta c le s  and hence le a d  to  erroneous 
r e s u l t s .  More re c e n t ly  K ulkam i and W illiam s (1976) have re p o rte d  
th a t  th e  r a t e  l im i t in g  p ro c e ss  fo r  d is lo c a t io n  m otion in  c o -v a len t 
sem i-conducto rs  i s  th e  m ig ra tio n  r a th e r  th a n  th e  n u c le a tio n  o f  th e  double 
k inks and th a t  t h i s  m ig ra tio n  i s  c o n tro lle d  by an e le c t r o n ic  p ro c e ss .
The e f f e c t  o f  therm al s t r e s s e s  to  produce p l a s t i c  deform ation  has 
been s tu d ie d  by B i l l in g  (1956). The expansion on s o l id i f i c a t i o n  (10%) 
o f  s i l i c o n  c r y s ta l s  (when grown from m elt) s e t s  up sev e re  in te r n a l  
s t r e s s e s .  The tem p era tu re  g ra d ie n t between th e  co re  and th e  sk in  o f  
th e  c r y s ta l  produces a  d i f f e r e n t i a l  sh rin k a g e . The s t r e s s  S due to  th e  
tem p era tu re  d if f e r e n c e  AT i s  r e la te d  by S = EaAT, where a  i s  th e  co­
e f f i c i e n t  o f  therm al expansion  (= 4 .2  x 10 *V°C f o r  s i l i c o n )  and E i s
12 2th e  Young*s modulus (= 1 .9  x 10 dyn/cm fo r  s i l i c o n ) .  S t i c k le r  and 
Booker (1963) no ted  th a t  d is lo c a t io n  loops p ro p ag a ted  from th e  damage 
s i t e s  on s i l i c o n  su rfa c e  when th e y  were annealed  a t  900°C fo r  one h o u r. 
Morizane and Gleim (1969) and Chaudhury and T akei (1969) confirm ed th a t  
th e  th e rm al s t r e s s e s  and su rfa c e  damage r e s u l t  in  th e  n u c le a tio n  and 
p ro p ag a tio n  o f  d is lo c a t io n s  in  s i l i c o n .  Gerward (1970) d e l ib e r a te ly
sc ra tc h e d  a s i l i c o n  s in g le  c r y s ta l  and annealed  i t  su b seq u en tly . Using 
th e  method o f  p ro je c t io n  topograph o f  Lang (1957), he observed  d is lo c a t io n  
loops em anating from th e  s c r a tc h e s .  He concluded t h a t  th e se  a ro se  from 
th e  r e s id u a l  s t r e s s e s  in  th e  s c ra tc h e s  which were r e l ie v e d  by p l a s t i c  < 
flow  a t  e le v a te d  te m p e ra tu re s .
Lang (1959) u s in g  th e  tra n sm is s io n  X -ray to p o g ra p h ic  method 
c h a ra c te r iz e d  th e  in d iv id u a l grow n-in d is lo c a t io n s  in  s i l i c o n .  He
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concluded th a t  i f  th e  a b so rp tio n  c o - e f f ic ie n t  y o f  s i l i c o n  fo r  X -rays used 
and th e  c r y s ta l  th ic k n e s s  t  were such th a t  y t< l ,  th e  d is lo c a t io n s  produced 
a v e ry  good c o n t r a s t .  Jenk inson  and Lang (1962) have d iscu ssed  in  d e ta i l  
th e  v a rio u s  image fe a tu re s  to  c h a ra c te r iz e  th e  in d iv id u a l d is lo c a t io n s .  
They used jg.b^ c r i t e r i a  to  a ss ig n  Burgers v e c to r s  to  d is lo c a t io n s .
Moreover th ey  d e sc rib e d  th e  occurrence o f  a double image i f  an edge 
d is lo c a t io n  ly in g  on a slip-*plane p a r a l l e l  to  th e  f r e e  su rfa c e  i s  imaged 
by th e  r e f l e c t i o n  v e c to r  t h a t  co in c id es  w ith  th e  Burgers v e c to r  o f  th e  
d is lo c a t io n  (e .g . an edge d is lo c a t io n  ly in g  on (111) p lan e  p a r a l l e l  to  
th e  f r e e  su rfa c e  and hav ing  i t s  Burgers v e c to r  p a r a l l e l  to  [110] should  
g ive a double image i f  th e  220 r e f l e c t io n  i s  u s e d ) . They showed th a t  
m a jo rity  o f  th e  d is lo c a t io n s  produced due to  therm al s t r e s s e s  d u rin g  
c r y s ta l  growth were g l id in g  on th e  (111) ,  (111) and (111) p la n e s , w h ile  
on ly  a  few were ly in g  on th e  ( 111) p lan e  (which was p a r a l l e l  to  th e  
s o l id - l iq u id  i n t e r f a c e ) .  Burgers v e c to r  a n a ly s is  re v e a le d  th a t  th e  
m a jo r ity  o f  d isp lacem en t v e c to rs  were ly in g  in  th e  ( 111) s l i c e  p lan e  
su g g es tin g  th a t  th e  therm al s t r e s s e s  were r a d i a l .  From th e  to p o g rap h ic  
s tu d ie s  th e y  a r r iv e d  a t  th e  co n clusion  th a t  th e  Lomer re a c t io n  between 
th e  (111) [110] and ( 111) [101] system  o f  d is lo c a t io n s  produces immobile 
d is lo c a t io n s  ly in g  in  th e  [O il] -  type d i r e c t io n s  hav ing  J [ 0 l l ] -  type  
B urgers v e c to r s .  These immobile d is lo c a t io n s  a c t  as  d is lo c a t io n - lo c k s  
le a d in g  to  p i le -u p s  and n u c le a tio n  o f  d is lo c a t io n  ta n g le s .
In v e s t ig a t io n  o f  th e  room tem p era tu re  d e fo rm atio n  in  Germanium 
was re p o r te d  by Johnson (1966). Germanium, l ik e  s i l i c o n  has th e  diamond 
cub ic  s t r u c tu r e  and i s  b e lie v e d  to  have a  h ig h  P e ie r l s  p o t e n t i a l .  No
4 .
d is lo c a t io n  g lid e  was observed  a t  room tem p era tu re  w h ile  a t  e le v a te d  
tem p era tu res  d is lo c a t io n  movement took p la c e . The s l i p  s te p s  appeared- 
and were in te r p r e te d  a s  b e in g  due to  a n n ih i la t io n  o f  d is lo c a t io n s  on 
two d i f f e r e n t  s l i p  p la n e s , because e tch in g  d id  n o t rev ea l, any a s s o c ia te d  
d i s lo c a t io n s .  A llen*s th e o ry  o f  d i s l o c a t i o n  cracks* was ap p lied  to
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account fo r  th e  n u c le a tio n  o f  d i s lo c a t io n s .  The c rack s  generated  in  
th e  t e n s i l e  re g io n  o u ts id e  th e  c o n ta c t a re a  do n o t h ea l-u p  com pletely 
when th e  load  on th e  in d e n te r  i s  removed. The observed  e l a s t i c  s t r a in  
r e la x e s  by th e  n u c le a tio n  and movement o f  d is lo c a t io n s  to  th e  ne igh ­
b o u rin g  re g io n s  a t  e lev a te d  te m p e ra tu re s . On th e  o th e r  hand C arro l 
and Tanaka (1968) re p o rte d  p l a s t i c  flow  induced in  Germanium a t  room 
tem p era tu re  d u rin g  in d e n ta tio n  s tu d ie s .
In  th e  case  o f  s i l i c o n ,  S t i c k le r  and Booker (1963) observed 
d is lo c a t io n s  produced in  s i l i c o n  when i t  was abraded  by diamond p a r t i c l e s  
a t  room tem p era tu re . The undefined  s t r e s s e s  g en e ra ted  d is lo c a t io n s  
ly in g  p a r a l l e l  to  <110> d ir e c t io n s  r e g a rd le s s  o f  th e  d i r e c t io n  o f  a b ra s io n . 
A nnealing o f  such specimens r e s u l te d  in  th e  movement o f  d is lo c a tio n s  and 
re -a rran g em en t o f  t h e i r  l in e s  p a r a l l e l  to  <112> d i r e c t io n s .  They concluded 
from th e se  o b se rv a tio n s  th a t  d is lo c a t io n s  w ith  <110> l in e  d ir e c t io n s  can 
be gen era ted  e a s i ly  by m echanical tre a tm e n t, b u t e n e r g e t ic a l ly  d is lo c a t io n s  
w ith  t h e i r  l in e s  p a r a l l e l  to  <112> d i r e c t io n s  a re  more s ta b le .  N ik iten k o , 
Myshlyov and Eremenko (1968) from th e  tra n sm is s io n  e le c tro n  m icroscopy 
o f  in d e n ta t io n  on s i l i c o n  specim ens re p o r te d  t h a t  d is lo c a t io n  movement 
occurs a t  room tem peratu re  in  s i l i c o n .  Eremenko and N ikitenko  (1972) 
d u rin g  s im i la r  in v e s t ig a t io n s  observed  c rack s  and d is lo c a t io n s  a t  room 
tem p e ra tu re . At e le v a te d  tem p e ra tu res  d is lo c a t io n s  changed t h e i r  
c o n f ig u ra tio n s  to  form r o s e t t e - p a t t e r n s  by g l id in g  on th e  {111}- ty p e  
p lan es  in c l in e d  to  th e  f r e e  s u r fa c e  p a r a l l e l  to  ( 111) p lan e  which 
co n ta in ed  m a jo r ity  o f  th e  a s s o c ia te d  B urgers v e c to r s .  They concluded 
th a t  th e  p r is m a tic  h a lf - lo o p s  were th e  r e s u l t  o f  d i r e c t  punch ing-in  o f  
th e  m a te r ia l .  The tw inning and phase-change o b se rv a tio n s  o f  N ik itenko  
e t  a l  were n o t confirm ed by H i l l  and R o w cliffe  (1976) who observed th e  
d is lo c a t io n  p a t te rn s  re p o rte d  by N ik iten k o  e t  a l  d u rin g  tra n sm iss io n  
e le c tro n  m icroscopy o f  in d en ted  s i l i c o n  s in g le  c r y s ta l s  a t  low 
te m p e ra tu re s . Follow ing Marsh (1964) f o r  th e  c a lc u la t io n  o f  th e  y ie ld
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s t r e s s ,  th ey  suggested  t h a t  th e  lo c a l iz e d  p l a s t i c  flow a t  low tem p era tu res  
was due to  exceeding th e  t h o r e t i c a l  sh ea r s tre n g th  o f s i l i c o n .
1-6 PROPOSED PROJECT
The l i t e r a t u r e  su rv ey  shows th a t  on ly  a  few is o la te d  a ttem p ts  
have been made to  so lv e  th e  problem  o f  s u rfa c e  damage. The is s u e  i s  
v e ry  im portan t and a sy s te m a tic  s tu d y  so f a r  now has n o t been, c a r r ie d  
o u t .  S i l ic o n  has wide sp read  u se  in  th e  f i e l d  o f  e le c tro n ic  d ev ice  
tech n o lo g y , w ith  a p re s e n t  t re n d  tow ards th e  in te g ra te d  c i r c u i t r y  where 
su rfa c e  p re p a ra t io n  becomes v e ry  im p o rtan t. But th e  p re se n t methods fo r  
th e  p re p a ra t io n  o f  a f l a t  s u r fa c e  in v o lv e  saw ing, g rin d in g  and lap p in g  
where th e  a b ra s iv e  p a r t i c l e s  o f  d i f f e r e n t  g eom etrica l shapes make a 
p h y s ic a l c o n tac t w ith  th e  to -b e  f in is h e d  s u b s t r a te .  They 'damage* th e  
s u b s t r a te  w hile  p o lis h in g  and v e ry  l i g h t  s c ra tc h e s  (due to  r o l l i n g  
p a r t i c l e s )  o r  in d e n ta t io n s , which may n o t be ob serv ab le  by th e  s u r fa c e  
to p o g rap h ic  methods l ik e  scann ing  e le c tro n  m icroscopy, become so u rces  
o f d is lo c a t io n s  when i t  p a sse s  th rough  th e  subsequent cy c le s  o f  h e a t  
tre a tm e n t. Thus th e re  i s  need to  in v e s t ig a te  th e  n a tu re  o f  such damage 
in  o rd e r  to  understand  th e  rea so n s  fo r  th e  poor y ie ld  and th e  d e v ice  
f a i l u r e s .  The p ro cess  o f  in d e n ta t io n s  and s c ra tc h in g  due to  a b ra s iv e  
p a r t i c l e s  can be m odelled by th e  's h a r p ' t i p  o f  a  V ickers diamond 
pyramid o r  a  diamond cone s ty lu s  by making in d e n ta tio n s  and s c ra tc h e s  
under v a ry in g  loads on th e  in d e n te r .  A lthough th e  mechanism o f  f r a c tu r e  
in  c r y s t a l l i n e  m a te r ia ls  i s  v e ry  com plica ted  and i s  n o t w ell u n d e rs to o d  
a t  p re s e n t ,  th e  damage a s s o c ia te d  w ith  th e  s c ra tc h e s  made in  v a r io u s  
c ry s ta l lo g ra p h ic  d i r e c t io n s  and th e  e f f e c t  o f  h e a t tre a tm e n t on such  
damage can be s tu d ie d  by s ta n d a rd  te c h n iq u e s .
1-7 EXPERIMENTAL TECHNIQUES ,
The proposed p r o je c t  o f  th e  s tu d y  o f  th e  su rfa c e  damage in  s i l i c o n  • 
due to  s c ra tc h in g  and in d e n ta t io n s  by diamond in d e n te r  n a tu r a l ly  r e q u ir e s  
a  com bination o f  pow erful te ch n iq u es  to  in v e s t ig a te  th e  damaged re g io n s
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and th e  r e s u l t in g  l a t t i c e  d i s to r t io n s  bo th  b e fo re  and a f t e r  h e a t t re a tm e n t. 
I t  was fo r  t h i s  re a so n  th a t  o p t ic a l  m icroscopy in  v a r io u s  forms ( i . e .  
normal i l lu m in a tio n  b r ig h t  and dark  f i e l d  modes, in te r f e r e n c e  c o n tr a s t  
and in te rfe ro m e try )  and scann ing  e le c tro n  m icroscopy w ere used to  examine 
th e  appearance o f  th e  damage (d esc rib ed  in  C hapter 2 ) .  The X -ray 
topography in  tra n s m is s io n  (Lang techn ique  (1957), d e sc rib e d  in  C hapter 
3) and tra n sm is s io n  e le c tro n  m icroscopy bo th  in  dark  and b r ig h t  f i e l d  
modes (d e sc rib ed  in  C hapter 4) were employed to  in v e s t ig a te  th e  
sub su rface  damage.
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[O il]
F ig  1 -1 (a) The diamond cub ic  s t r u c tu r e  showing th e  
arrangem ent o f  s i l i c o n  atoms a t  th e  
co rn e rs  o f  a re g u la r  te tra h e d ro n  ( a f t e r shockley)
[111]
[001]
F ig  1 -1 (b) The s ta c k in g  sequence o f  (111) p la n e s_ in  th e
diamond s t r u c tu r e  p ro je c te d  on th e  ( 110) p la n e . 
There a re  two s e ts  o f  c lo se -p ack ed  (111) p la n e s , 
A B C  . . . and a 3Y due to  th e  two in te rp e n e ­
t r a t i n g  F.C .C . u n i t  c e l l s  form ing th e  D.S.
(A fte r  A lexander and H aasen).
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Fig 1 -2 (a) Edge D is lo ca tio n
Fig  l-2 (b )  Screw D is lo ca tio n
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b.
F ig  1 -3 (a) Screw d i s lo c a t io n  in  s i l i c o n
F ig . 173 (b ) 60 d i s lo c a t io n  i n  s i l i c o n .
E x tra  h a l f - p la n e  i s  in d ic a te d .b y .h e a v y
l i n e s .  Note th e  d a n g lin g  im p a ired  bonds
a lo n g  th e  d i s lo c a t io n  l i n e  s .  b ^ is  th e  d i r e c t io n
o f  th e . B urgers v e c to r .  (A f te r  A lex an d er and
H aasen ).
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F ig  1-4 The co n tou rs  o f  o^, th e  g re a te s t  p r in c ip a l  s t r e s s ,
in  a s e m i- in f in i te  medium in  c o n ta c t w ith  a  s p h e r ic a l  
in d e n te r .  The mean p re s su re  Po i s  th e  u n i t  o f  s t r e s s  
a 3 t r a j e c t o r i e s  a re  shown as broken l in e s  a t  d is ta n c e  
o f  0 . 8a , a  and 1 . 2a from th e  c en tre  o f  c o n ta c t ,  a  i s  
th e  ra d iu s  o f  th e  a re a  o f  c o n tac t ( a f t e r  Frank and 
Lawn).
1 .4
H ertz ian
0 . 6
0 . 2
-*1.5 -1 .0  -0 .5  0 0 .5  1 .0  1 .5
R ad ial D is tan ce  
F ig  1-5 (a)
P ressu re  d i s t r i b u t i o n  fo r  
rough su rfa c e s  f o r  a  l i g h t ly  
loaded  in d e n te r .  The c o n tac t 
a re a  i s  about 10 tim es la r g e r  
than  th e  H e rtz ia n  case  w hile  
th e  peak p re s s u re  i s  o n ly  one 
th i r d  o f  th e  H e rtz ian  v a lu e .
H e r tz ia n
4 -3  -2 -1 0 1 2 3 4
R adial D is tan ce
F ig  1-5 (b)
P re s su re  d i s t r ib u t io n  f o r  a  h e a v i ly  
loaded  c o n ta c t. There i s  a c lo s e  
agreem ent between th e  c a lc u la te d  and 
th e  H e rtz ian  p re s su re .
CHAPTER 2
OPTICAL AND SCANNING ELECTRON MICROSCOPY
The induced su rfa c e  damage due to  s c ra tc h in g  (and in d e n ta tio n )  on
n e a r (111) s i l i c o n  was s tu d ie d  by o p t ic a l  m icroscopy ( in  v a rio u s  forms)
and scann ing  e le c tro n  microscopy,, The m a te r ia l  used was d is lo c a t io n  f r e e
S i, phosphorus doped (6-10 ftcm) grown by  th e  C zo ch ra lsk i method and
prep ared  by s tan d a rd  in d u s t r i a l  p rocedure  in  th e  form o f  s l i c e s  about
300 vim th ic k .  They had a re fe re n c e  f l a t  ground p a r a l l e l  to  th e  (IlO )
and t h e i r  p o lish e d  su rfa c e  was ,m is -o rien te d  by some 3° from (111)
18tow ards (110) (Appendix I ) .  I n t r i n s i c  and h e a v ily  doped (10 
phosphorus a to m s /c .c .)  n e a r (111) S i grown by th e  f lo a t-z o n e  method 
was a lso  used (e s p e c ia l ly  fo r  tra n sm iss io n  e le c tro n  m icroscopy o f  th e  
annealed  s c ra tc h e s  and in d e n ta t io n s , C hapter 4 ) .
2-1 SCRIBING THE CRYSTALS FOR SPECIMEN PREPARATION
The o r ie n te d  s l i c e s  were s c r ib e d  (fo llo w in g  th e  u su a l conven tions 
d e sc rib e d  by Drum and C lark  (1968, 70) and Townley (1973) ) to  c u t in to  
re c ta n g u la r  specimens ( -  1 cm X 1.2 cm). Some in te r e s t in g  o b se rv a tio n s  
d u rin g  s c r ib in g  were w orth n o tin g . S c rib in g  p a r a l l e l  to  th e  <110>- 
d i r e c t io n s  ( i . e .  p e rp e n d icu la r  to  th e  re fe re n c e  f l a t  tow ards o r  away from 
i t )  le d  to  easy  b reakage . S c rib in g  app rox im ate ly  p a r a l l e l  to  th e  [112]- 
d i r e c t io n  ( i . e .  from l e f t  to  r i g h t  on th e  p o lish e d  face  p a r a l l e l  to  th e  
re fe re n c e  f l a t  s e t  a t  12 o f c lock  p o s i t io n )  o c c a s io n a lly  g en era ted  long 
range s t r a ig h t  cracks runn ing  p a r a l l e l  to  th e  [101], th e  [101], th e  [O il] 
o r th e  [O il] r e s u l t in g  in  s p l i t t i n g  o f  th e  c r y s ta l  a lo n g  th e se  d i r e c t io n s .  
The s u rfa c e s  so g en era ted  were f a i r l y  smooth and could  be due to  c leav ag e  
along th e  (111) o r  th e  ( i l l )  p la n e s .
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2-2 REMOVAL OF THE SAW DAMAGE
The s u b s tr a te  s l i c e s  grown by th e  C zochra lsk i method had been 
lapped and chem ica lly  p o lish e d  only  from one s id e  ( i . e .  n e a r  ( 111) ) .
The (111) back su rfa c e  was s e v e re ly  damaged by c u tt in g  w ith  th e  diamond 
w heel. F ig . 2-1 shows an o p t ic a l  m icrograph o f  th e  saw- damage on such 
s u b s t r a te s .  As th e  specimens were in ten d ed  to  be examined by tra n sm is s io n  
X -ray topography (Lang techn ique  d iscu ssed  in  th e  n ex t c h a p te r ) ,  a 
tech n iq u e  v ery  s e n s i t iv e  to  l a t t i c e  d i s to r t i o n s ,  i t  was n e ce ssa ry  to  
remove t h i s  damage. T his was achieved by p ro te c t in g  th e  p o lish e d  s u r fa c e  
w ith  a la y e r  o f  Locomit and e tch in g  o f f  about 20 ym from th e  back su rfa c e
t
in  4 : 1 HNO^  : HF m ix tu re . The specimens were tho rough ly  c lean ed  f i r s t  
by d is s o lv in g  o f f  Locomit in  Acetone and then  u s in g  b o i l in g  t r i c h lo r o -  
e th y le n e , f i n a l l y ,  r in s in g  in  a b so lu te  a lc o h o l. P ro je c tio n  X -ray topographs 
were o c c a s io n a lly  taken  in  o rd e r  to  check fo r  th e  com plete removal o f  th e  
damage.
2-3 INTRODUCING THE DAMAGE '
Scop*
A c lean  specimen was made to  s i t  f l a t  on a  g la ss  m ic rb s lid e  w ith  
m olten den tal-w ax  which could  be d is so lv e d  o f f  in  t r ic h lo r o e th y le n e .  The 
s l id e  was mounted on th e  s c ra tc h in g  machine (F ig . 2 -2 ) . The s c ra tc h in g  
machine c o n s is te d  o f  a gramophone p ick -u p  arm f i t t e d  w ith  a V ickers  diamond 
pyram id. The specimen was h e ld  f l a t  on th e  moveable s ta g e  o f  th e  
s c ra tc h in g  machine by a ro ta r y  pump induced s u c tio n . The s c ra tc h in g  
machine had th e  f a c i l i t y  o f  moving th e  specimen in  o rthogonal d i r e c t io n s  
by a manual d r iv e  (a g a in s t th e  s ta t io n a r y  in d e n te r  loaded  norm ally ) .
The c o n tro lle d  damage was in tro d u ced  in  th e  form o f  s c ra tc h e s  
p a r a l l e l  to  th e  <IlO> and <112> d ir e c t io n s  on th e  n e a r  (111) s i l i c o n  
su rfa c e  u s in g  loads in  th e  range o f  1-50 gm on th e  in d e n te r .  On th e  same 
specim en, rows o f  in d e n ta tio n s  were a lso  made u sin g  s im i la r  lo a d s . (The 
specim ens p rep ared  fo r  tra n sm iss io n  e le c tro n  m icroscopy (d e sc rib e d  in
C hapter 4) had to  be sc ra tc h e d  and in d en ted  under l i g h te r  loads in  o rd e r 
to  keep a l l  th e  induced damage in  a th in  la y e r  o f  m a te r ia l .  Thus th e  
range o f  loads fo r  tra n sm iss io n  e le c tro n  m icroscopy was 0 .3  to  10 gm).
2-4 OPTICAL MICROSCOPY
Im m ediately a f t e r  s c ra tc h in g , th e  c r y s ta l  su rfa c e  was covered 
by a heavy la y e r  o f  d e b r is  ex tend ing  over a much w ider range than  th e  
a c tu a l s c r a tc h  groove. When t h i s  was removed i t  was found th a t  in  
g en era l th e  s c ra tc h  i s  composed o f  le n g th s  w ith  s t r a ig h t  w e ll-d e f in e d  
b o u ndaries  a l te r n a t in g  w ith  h e a v ily  chipped re g io n s . A sso c ia ted  w ith  
th e se  chipped re g io n s  was a  f e a tu re  which seemed to  p la y  an im p o rtan t 
r o le  in  th e  g en era l n a tu re  o f  th e  s t r a i n  f i e l d  as  d e te c te d  by X -ray 
d if f r a c t io n 'to p o g ra p v y  (■described in  C hapter 3 ); a  p a t te r n  o f  c rack s  
ex tend ing  a t  an a cu te  ang le  to  th e  d i r e c t io n  o f  th e  m otion o f  th e  s l i d e r  
(F ig . 2 -3 ) . These c rack s  g e n e ra lly  p ropagated  a long a s t r a ig h t  p a th  in  
th e  beg in n in g  and th en  had a tendency to  bend away from th e  d i r e c t io n  o f  
th e  moving s l i d e r .  The va lue  o f  th e  a cu te  ang le  a t  which th e se  c racks 
extended and th e  c u rv a tu re  a t  t h e i r  bend re g io n s  seemed to  be d i r e c t io n  
dependen t, b u t t h e i r  t r a c e s  on th e  f r e e  su rfa c e s  d id  n o t l i e  a long  <110>- 
d i r e c t io n s .  In  c e r ta in  d i r e c t io n s  o f  s c ra tc h in g  and around in d e n ta t io n s ,  
m a te r ia l  was removed in  th e  form o f  s c a l lo p -  shaped c h ip s . Where th e  
ch ip s  were n o t l i f t e d  o f f ,  a la rg e  re s id u a l  c rack  opening d isp lacem en t 
was observed  by in te r f e r e n c e  c o n tra s t  and in te r fe ro m e try . These r a d i a l  
c rack s  te rm in a ted  n ea r th e  boundary o f  th e  s c r a tc h  groove o r  in d e n ta t io n  
c r a t e r  su g g es tin g  an enormous f i e l d  o f  r e s id u a l  s t r a i n .  No ev idence  o f  
la rg e  s c a le  upward d isp lacem ent o f th e  su r fa c e  n e a r th e  boundary o f  th e  
s c ra tc h  groove o r  in d e n ta tio n  c r a te r  was found as  would be ex p ec ted  from 
m a te r ia l  p i le -u p . This suggested  th a t  th e  p l a s t i c  s t r a i n  had been 
accommodated e l a s t i c a l l y .
The g en era l p ic tu re  can be v is u a l is e d  more c le a r ly  w ith  th e  
o b se rv a tio n s  made in  th e  d i f f e r e n t  s c r a tc h in g  d i r e c t io n s .
2”4’ 1 SCRATCHES, PARALLEL TO <11Q>
The s c ra tc h e s  made p a r a l l e l  to  th e  [110] and th e  o p p o s ite  d i r e c t io n  
were a s s o c ia te d  w ith  s im ila r  f e a tu re s .  A s c r a tc h ,  fo r  in s ta n c e , made a long  
[110] d i r e c t io n  had a system  o f  cracks ex tend ing  a t  an acu te  an g le  from 
on ly  one o f  i t s  s id e s ,  th e  s id e  having  i t s  normal along [112] (F ig . 2 -4 a ) . 
The cracks extended to  f a i r l y  long d is ta n c e s . A fte r  p ro p ag a tin g  a d is ta n c e  
a long  a s t r a ig h t  l in e  th ey  sh a rp ly  b en t away from th e  d i r e c t io n  o f  th e  
s l i d e r  m otion. Sometimes m a te r ia l was removed in  th e  form o f  a shallow  
ch ip  from th e  1 c rack ed 1 s id e  o f  th e  s c ra tc h  (F ig . 2 -4 a ) . I t  was p o s s ib ly  
due to  a c rack  cu rv ing  round on i t s e l f  o r  th e  p reced in g  one r e s u l t in g
in  th e  r e le a s e  o f  i t s  energy s to re d  from th e  moving s l i d e r .  A s c ra tc h
made in  th e  [110] ( i . e .  th e  o p p o site  d ir e c t io n )  p re sen te d  a v e ry  s im i la r  
p ic tu r e .  The s c ra tc h  had a s e r ie s  o f  c racks predom inanly on th e  s id e  
w ith  i t s  normal a long  [112] (F ig . 2 -4 b ) . The g en era l shape and l a t e r a l  
ex ten s io n s  o f  th e se  cracks were v e ry  s im i la r  to  th e  ones a s s o c ia te d  w ith  
th e  [110]- s c r a tc h ,  produced un d er a  s im ila r  lo a d . Thus i t  seemed th a t  
a [110]- s c ra tc h  and a [ llO ]-  s c ra tc h  were
( i )  sym m etric lo n g i tu d in a l ly
( i i )  asym m etric l a t e r a l l y
2-4-2  SCRATCHES PARALLEL TO <112>
A s tro n g  sense  e f f e c t  was observed  f o r  th e  s c ra tc h e s  made p a r a l l e l
to  th e  [112] and [112] -  d i r e c t io n s .  A [112] -  s c r a tc h  had a w id er f i e l d  o f
damage than  i t s  c o u n te rp a r t ,  th e  [112]- s c ra tc h  (F ig . 2-5). When examined 
under a h ig h e r  m a g n ific a tio n , a [112] -  s c r a tc h  had a s e r ie s  o f  c rack s  
ex tend ing  on bo th  s id e s  sym m etrically  a t  an a cu te  ang le  to  th e  d i r e c t io n  
o f  th e  s l i d e r  motion (F ig . 2 -6 a ) . These c racks a lso  had a tendency  to  bend 
away from th e  moving s l i d e r .  The sem i-ang le  o f  a !chevron! made by th e  
c racks fo r  a [112] -  s c ra tc h  was b ig g e r  th an  th e  c rack  p ro p a g a t io n - to - s l id e r  
motion ang le  fo r  a [110]- s c ra tc h . Except fo r  th e  c racks th e  w id th  o f  th e
24
s c ra tc h  grooves produced in  th e  <IlO> and th e  [112] d i r e c t io n s  were 
s im ila r  under a s im ila r  load  c o n d itio n . An in te r e s t in g  o b se rv a tio n  was 
removal o f  a b ig  ch ip  from th e  s t a r t i n g  end o f  th i s  s c ra tc h  (F ig . 2 -7 ) .
The ch ip  was always seen tow ards th e  [112]- d i r e c t io n  ( i . e .  o p p o s ite  to  th e  
d i r e c t io n  o f  the  motion o f  th e  s l i d e r ) .  The ch ip  had a s tro n g  resem blance 
w ith  th e  ones l i f t e d  o f f  du rin g  th e  in d e n ta tio n  t e s t s  which could  be due 
to  an in d e n ta tio n  e f f e c t .
S c ra tch es  made p a r a l l e l  to  th e  [112] d i r e c t io n  p re se n te d  an 
e n t i r e ly  d i f f e r e n t  p ic tu r e .  There were b ig  fan-shaped  c a v i t i e s  sp read in g  
over th e  whole le n g th  o f  th e  s c ra tc h  (F ig . 2 -6 b ). The r e p r o d u c ib i l i ty  
w ith  which th e s e  c a v i t i e s  had been  produced was rem arkab le . I t  was no ted  
th a t  th e  c racks extended from bo th  s id e s  o f  th e  s c ra tc h  to  form chevrons 
opening tow ards th e  d i r e c t io n  o f  th e  moving s l i d e r  (F ig . 2 -8 ) .  Where 
th e se  c rack s  jo in e d  to g e th e r ,  b ig  sca llo p -sh a p ed  ch ip s  were throw n o f f .
On some o ccas io n s  th e  m a te r ia l  removed in  th e  form o f  b ig  ch ip s  was 
seen  to  be ly in g  in  th e  r e a r  o f  th e  correspond ing  c a v i ty  from which th e  
ch ip  had been detached  (F ig . 2 -9 ) . The in v e r te d  ch ip  re v e a le d  o n e -to -o n e  
correspondence between th e  fe a tu re s  a t  th e  bottom  o f  th e  c a v i ty  and th e  
ch ip  i t s e l f ,  su g g es tin g  s tro n g ly  th a t  th e  ch ip  was in  f a c t  thrown 
backwards because o f  th e  r e s id u a l  s t r e s s  a f t e r  th e  s l i d e r  had a c tu a l ly  
passed  ahead. U nlike a  [112]- s c r a tc h ,  a ch ip  was g e n e ra lly  seen  a t  
th e  le a d in g  end o f  th e  s c ra tc h  in  a [112] s c ra tc h  (F ig . 3 -1 1 ) . In  
th e se  c a v i t i e s  f a c e t t in g  was a lso  observed , though i t  was r a r e .  Thus 
th e  s c ra tc h e s  made p a r a l l e l  to  th e  [112] and th e  [112] -  d i r e c t io n s  were 
( i )  Asymmetric lo n g i tu d in a l ly ,  
and ( i i )  Symmetric l a t e r a l l y .
2-5 INDENTATIONS
In d e n ta tio n s  were a lso  made on th e  same c r y s ta l s  w ith  th e  same 
in d e n te r  in  o rd e r to  c o r r e la te  th a t  p ro cess  w ith  s c ra tc h in g . Under normal 
loads o f  10 gm o r  l e s s ,  th e  im pressions were too  weak to  g ive  r e s o lv a b le  
c o n tra s t  by o p t ic a l  o r  scanning  e le c tro n  m icroscopy. In d e n ta tio n s  made
25
under loads o f  30, 50 and 100 gm were s tu d ie d .
A system  o f  c racks i n i t i a t e d  from th e  reg io n s  where sh arp  co m ers  
o f  th e  pyram id in d e n te r  were in c id e n t on th e  specimen. In  th e  beg inn ing  
th e se  cracks fo llow ed r a d ia l  p a th s  and then  two neighbouring  c racks d e v ia ted  
inw ard to  jo in  to g e th e r  and w ith  th e  l a t e r a l  v en t cracks as  proposed  by Lawn 
and Co-workers (1975). In te r s e c t io n  o f  th e se  cracks w ith  th e  f r e e  s u rfa c e  
r e s u l te d  in  removal o f  m a te r ia l  in  th e  form o f  b ig  sca llo p -sh a p e d  c h ip s . The 
shape o f  th e se  ch ips were v e ry  s im i la r  to  th e  ones a s s o c ia te d  w ith  th e  le ad in g  
end o f  a [112]- s c ra tc h  and th e  t r a i l i n g  end o f  a [112]- s c r a tc h .  Such a 
c a v ity  extended towards a [112]- type d i r e c t io n .  G enera lly  two s im ila r  ch ip - 
c a v i t i e s  o f  d i f f e r e n t  s iz e s  were produced, th e  th i r d  b e in g  under developed , 
which could  most p robab ly  be due to  o b liq u e  in c id en ce  o f  th e  in d e n te r ,  f r e e  
s u r fa c e  o f f  (111) o r  b o th . For in te rm e d ia te  loads and f u l l y  developed i n t a c t  
c h ip s , exam ination by Nom arski’s in te r fe ro m e try  ( in  which two images o f  th e  
same o b je c t appear on th e  sc reen  so th a t  one o f  th e  two can be ta k en  as a 
re fe re n c e )  re v e a le d  th a t  th e  ch ip  was t i l t e d  s l i g h t ly  (2 -7  pm) such th a t  th e  
sharp  f chevron end1 o f  th e  ch ip  was a t  th e  top  o f  th e  s lo p e  (F ig . 2 -1 0 ) . . 
A part from t h i s  s l i g h t  e l a s t i c  d isp lacem en t, no evidence o f  la rg e  s c a le  
upward d isp lacem en t o f  th e  su rfa c e  n e a r  th e  p e rip h e ry  o f  th e  in d e n ta t io n  
c r a t e r  was observed  n e g a tin g  th e  p o s s i b i l i t y  o f  any m a te r ia l  p i l e  up.
2-6 SCANNING ELECTRON MICROSCOPY
The specimens w ith  s c ra tc h e s  and in d e n ta tio n s  were a ls o  examined 
by scann ing  e le c tro n  m icroscopy. The low re s is ta n c e  re q u ire d  betw een th e  
specimen and th e  mounting s ta g e  was ach ieved  usin g  a s i l v e r  p a s te  d is s o lv a b le  
in  ace tone . The ’Cambridge S te re o sc a n ’ in  th e  U n iv e rs ity ’s S t r u c tu r a l  S tu d ie s  
u n i t  in  M eta llu rgy  D epartm ent, U n iv e rs ity  o f  S u rrey , was used .
The advantage o f  u s in g  a scann ing  e le c tro n  m icroscope l i e s  in  i t s  
h ig h e r  r e s o lu t io n ,  g re a te r  depth o f  focus and th e  f a c i l i t y  o f  t i l t i n g  a
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specimen through la rg e  a n g le s . Two p ic tu re s  o f  th e  same re g io n  taken  a t  
s l i g h t l y  d i f f e r e n t  t i l t  an g les  (d if fe re n c e  be in g  ^5°) w ith o u t changing 
th e  condenser le n s  s e t t in g s  c o n s t i tu te s  a s te r e o - p a i r .  When viewed th rough  
a s te re o -v ie w e r , such a s te r e o - p a i r  g ives a th ree -d im en sio n a l e f f e c t .
A p ic tu r e  d id  n o t rem ain in  focus when i t s  t i l t  was changed from 9° 
to  (0±5)° in  o rd e r  to  ta k e  a  s te r e o r p a i r .  Focussing w ith  a  condenser le n s  
was n o t d e s i r a b le  because i t  changes th e  m a g n ific a tio n . The fo cu s in g  was 
reg a in ed  by moving th e  specimen along th e  Z -ax is  w ith  a m icrom eter d r iv e  
so as to  b r in g  th e  p re v io u s ly  p ic tu re d  re g io n  to  th e  sp o t where th e  
e le c tro n  beam had a lre a d y  been focused .
The scanning  e le c tro n  m icroscopy confirm ed th a t  th e re  was no la rg e  
s c a le  m a te r ia l  p i le -u p  round th e  s c ra tc h  grooves o r  in d e n ta t io n  c r a t e r s .
In  th e  case  o f  s c ra tc h e s  in  [112]- d i r e c t io n ,  very  o f te n  a p a tc h  o f  
m a te r ia l  was seen  s tan d in g  in  th e  m iddle o f  th e  groove l ik e  a c l i f f .  The 
re g io n  o f  th e  c l i f f  i t s e l f  had been under com pressive s t r e s s e s  w h ile  
d i r e c t l y  under th e  moving s l i d e r .  This was perhaps th e  rea so n  f o r  th e  
c lay ey  n a tu re  o f  th e  m a te r ia l  o f  th e  c l i f f .  The reg io n s  o f  th e  c a v ity  
su rround ing  th e  c l i f f  had been v e ry  sh a rp ly  cu t to  produce smooth edg es . 
S te re o -p a ir  o f  F ig . 2-11 shows th e se  fe a tu re s  v e ry  c le a r ly .  The c lay ey  
n a tu re  o f  th e  m a te r ia l  in  th e  c e n tr a l  zone o f  th e  s c ra tc h  groove can be , 
seen more c le a r ly  in  F ig . 2-12 o f  a p a r t  o f  a [112]- s c r a tc h .  ,
N o tice  th e  i r r e g u la r ly  curved su rfa c e s  o f  th e  ch ip  c a v i ty  shown 
in  th e  s te r e o - p a i r  o f F ig . 2-13. Another chipped reg io n  showing th e  
fragm ented m a te r ia l  in  th e  c e n tre  o f  th e  groove i s  shown in  F ig . 2 -14 .
There i s  l i t t l e  ev idence o f  f a c e t t in g  observed in  th e se  re g io n s .
One o f  th e  sc ra tch ed  specimens was dropped from a h e ig h t so t h a t  
i t  was sec tio n e d  a long a [112]- s c r a tc h . Exam ination re v e a le d  a system  
o f  c racks running  p a r a l l e l  to  each o th e r  in to  th e  specim en. A system  o f  
c leavage  s te p s  was observed in  on ly  one o f  th e  c a v i t i e s .  S te re o -p a ir
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o f  F ig . 2-15 shows th e  d e t a i l  o f  th e se  s te p s .
• /  •
In  th e  case  o f  in d e n ta t io n s , th e  m a te r ia l  p h y s ic a l ly  in  c o n ta c t 
and d i r e c t l y  under th e  in d e n te r  was under h ig h ly  com pressive s t r e s s e s .  
O u tside  t h i s  re g io n , th e  cracks were i n i t i a t e d  from th e  sharp  co rn e rs  o f  
th e  V ickers m icrohardness in d e n te r . But a l l  th e  cracks d id  n o t p ro p a g a te . 
The fan -shaped  ch ip s  were d e fin ed  by th e  in te r s e c t io n  o f  r a d ia l  c ra c k s , 
th e  l a t e r a l  v en t cracks and th e  f r e e  s u rfa c e  as can be seen v e ry  c le a r ly  
in  th e  scanning  e le c tro n  m icrograph o f F ig . 2-16 o f  an in d e n ta tio n  
produced under an in te rm e d ia te  load  o f  30 gm. The ch ip s  were n o t l i f t e d  
o f f  a t  th e se  lo a d s . But fo r  h e a v ie r  loads o f  100 gms on th e  in d e n te r ,  a 
system  o f  th re e  unequal sca llo p -sh a p ed  c a v i t ie s  was produced due to  
removal o f  th e  ch ip s  as shown in  F ig . 2-17 . The ch ip  c a v i t i e s  extended 
tow ards th e  [112]- type  d i r e c t io n s .  J u s t  o u ts id e  th e  com pressive zone, 
a  deep c u t runn ing  in to  th e  specimen was observed . Along t h i s  c u t ,  th e  
m a te r ia l  seemed to  be fragm ented in  la y e r s .  S te re o -p a ir  o f  F ig . 2-18 
shows th e  d e t a i l  o f  t h i s  re g io n .
2-7 DISCUSSION
When a sharp  in d e n te r  p e n e tra te s  a  specimen a zone o f  i r r e v e r s i b l e  
defo rm ation  i s  produced because o f  th e  combined e f f e c t  o f  h y d ro s ta t ic  
com pression and th e  sh ear s t r e s s e s .  M oreover, a f i e l d  o f  c irc u m fe re n tia l  
t e n s i l e  s t r e s s  in  th e  su rfa c e  and in  th e  i n t e r i o r  o f  th e  specim en develops 
p roducing  a system  o f  c ra c k s . Lawn and Wilshaw (1975) have c a l le d  th e  
i n t e r i o r  cracks 'm edian vents* and have proposed th a t  th e y  form d u rin g  
th e  lo ad in g  h a l f - c y c le .  On un load ing  th e y  have a tendency  to  c lo s e .  The 
deep ro o te d  r e s id u a l  c o n tra s t  observed in  X -ray topography o f  th e  saw 
damage oh th e  back su rfa ce  o f  th e  s u b s tr a te s  seems to  be due to  th e se  
c ra c k s . The ch ipp ing  observed around in d e n ta tio n s  i s  due to  a d i f f e r e n t  
system  o f  c ra c k s , th e  * l a t e r a l  v e n t s ' ,  as  Lawn and Wilshaw c a l l  them.
„ These c racks develop on un load ing  and extend i n i t i a l l y  p a r a l l e l  to  th e
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s u rfa c e  and th e y  ten d  to  in te r c e p t  th e  f r e e  su r fa c e . The e x is t in g  su rfa c e  
c ra c k s , th e  l a t e r a l  v en ts  and th e  f r e e  su rfa c e  d e fin e  a c h ip . I t  seems th a t  
removal o f  a ch ip  i s  a consequence o f  th e  r e s id u a l  s t r e s s e s .
When th e  in d e n te r  i s  moved on th e  specimen s u r fa c e , a system  o f  
c rack s  i s  produced round th e  s c ra tc h  groove. These C h ev ro n 1 c racks 
resem ble  th e  c rack  p a t te rn s  round s c ra tc h e s  on g la s s ,  which as Lawn (1967) 
has p o in te d  o u t, a re  due to  a c o n c e n tra tio n  o f  t e n s i l e  s t r e s s  beh ind  th e  
moving in d e n te r  due to  f r i c t i o n  between th e  in d e n te r  and th e  specimen 
s u r fa c e . Ham ilton and Goodman (1966) have g iven  a th e o r e t i c a l  account o f 
th e  e l a s t i c  c o n ta c t o f  a  s l id in g  in d e n te r . They have p o in te d  o u t t h a t  
th e  t r a j e c t o r i e s  o f  maximum t e n s i l e  s t r e s s  become more and more d i s to r te d  
as th e  i.c -o e ffic ien t o f f r i c t i o n  a t  th e  in te r f a c e  in c re a s e s .  Above a 
v a lu e  o f  0 .1  o f  c o e f f ic ie n t  o f  f r i c t i o n ,  th e  c i r c u la r  t r a j e c t o r i e s  o f  
th e  H e rtz ia n  case  become curves open in  th e  d i r e c t io n  o f  m otion .
The c rack s  round th e  s c ra tc h e s  in  th e  p re s e n t case  a re  formed by 
th e  mechanism proposed by Lawn, t h a t  th e  c o n c e n tra tio n  o f  th e  t e n s i l e  
s t r e s s  behind  th e  moving in d e n te r  i n i t i a t e s  'ch ev ro n ' c rack s which a re  
kep t open by a wedging a c tio n  o f  th e  p a r t i c l e s  o f  d e b r is .  T h is mechanism 
w il l  produce a c rack-open ing  d isp lacem ent hav ing  a m ajor component 
p e rp e n d ic u la r  to  th e  s c ra tc h  le n g th .
The e f f e c t  o f  c ry s ta llo g ra p h y  o f  s i l i c o n  m an ife s ts  i t s e l f  in  t h a t  
th e  chevfon c racks extend on b o th  s id e s  o f  th e  [112] -  s c r a tc h e s ,  o n ly  
one s id e  o f  th e  <110>- s c ra tc h e s  and heavy ch ipp ing  in  th e  [112] -  s c ra tc h e s  
a t  h e a v ie r  loads (above 10 gm). But th e  <110> s c ra tc h e s  a re  sym m etric 
lo n g i tu d in a l ly  and asymmetric l a t e r a l l y .  On. th e  o th e r  hand, th e  <112>- 
s c ra tc h e s  a re  symmetric l a t e r a l l y  b u t asym m etric lo n g i tu d in a l ly .
Now {110} m irro r planes and has th re e  v a r ia n ts ,  (110), (101)
and (O il) p e rp e n d ic u la r  to  th e  (111) p la n e . S c ra tch es  p e rp e n d ic u la r  to  
a m ir ro r  p lan e  must be symmetric lo n g i tu d in a l ly  in  th a t  a l l  th e  f e a tu re s  
o f  a [IlO^J- s c ra tc h  should  be id e n t ic a l  to  th e  co rrespond ing  fe a tu re s  o f
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a [110]- s c ra tc h  produced under o th e rw ise  s im ila r  c o n d itio n s . S ince the  
< l l0 >- d i r e c t io n s  a re  not co n ta in ed  in  th e  m irro r  p lan e  th e re  should 
no t be a  l a t e r a l  symmetry as th e  p re s e n t r e s u l t s  have in d ic a te d . On th e  
o th e r  hand <112>- d ire c t io n s  a re  co n ta in ed  in  th e  m irro r p lanes so th a t  
th e  s c ra tc h e s  should p o ssess  a l a t e r a l  symmetry which have a lso  been 
o bserved . However, a lo n g itu d in a l asymmetry i s  expected  in  th e se  
s c ra tc h e s  because o f th e  asymm etric in c l in a t io n  o f  th e  (111) -  type 
c leavage p lan es  w ith  re s p e c t to  th e  <112> d i r e c t io n s  on th e  (111) p lan e , 
a lth o u g h  l i t t l e  evidence o f f a c e t t in g  has been observed in  th e se  s c ra tc h e s . 
One th in g  i s  d e f in i t e ,  th a t  th e  rem oval o f  a ch ip  should  r e l ie v e  th e  
r e s id u a l  s t r e s s ,  which has - been confirm ed by X -ray  topography. (C hapter 
3 ) . There i t  i s  seen th a t  a h e a v ily  chipped [112]- s c ra tc h  shows narrow er 
f i e l d  o f  c o n tra s t  compared to  i t s  c o u n te rp a r t  in  th e  o p p o site  d i r e c t io n ,  
which i s  bounded by ’chevron* c racks (F ig . 3 -1 0 ). The p re s e n t experim ents 
show th a t  th e  [112] i s  an easy d i r e c t io n  o f  s c ra tc h in g  compared w ith  th e  
[112] on a n ea r (111) s i l i c o n  s u r fa c e  t i l t e d  s l i g h t l y  tow ards (110) .
S im ila r r e s u l t s  have been re p o rte d  by W ilks and W ilks (1972) on a b ra sio n  
o f  diamond. They exp lained  t h i s  on th e  b a s is  o f  Tolkowsky’s model (1920). 
A ccording to  t h i s  model, th e  removal o f  m a te r ia l  ( in  diamond on which th e  
s t r u c tu r e  o f  s i l i c o n  i s  based) occurs in  th e  form o f  fragm ents bounded by 
th e  c leavage  p la n e s . F ig . 2-19 shows th e  arrangem ent o f  th e  c leav e  p lan es
[112 ] ^
F ig . 2-19
R e la tio n  between <110> and <112> d ir e c t io n s  
on ( 111) su rfa c e  and th e  a d ja c e n t c leav ag e  
p la n e s .
o f  an in v e r te d  te tra h e d ro n  and th e  a ss o c ia te d  [112] d i r e c t io n  in  (111) 
p la n e . A ccording to  th e  above model, removal o f  th e  m a te r ia l  in  th e  form 
o f  ch ip s  (o f  te tra h e d ro n  shapes) should be p o s s ib le  most e a s i ly  in  th e  
[112]“ d i r e c t io n  o f  s c ra tc h in g . Thus a ch ip  should e x h ib it  w e ll d e fin ed  
f a c e t t in g  in te r s e c t in g  th e  su rfa c e  along  th e  <IlO> d i r e c t io n s .  In  th e  
p re se n t c a se , th e  ch ip  c a v i t ie s  have been seen  to  have i r r e g u la r ly  curved 
su rfa c e s  and g e n e ra lly  p o sse ss  no c ry s ta l lo g ra p h ic  f e a tu r e s .  The s u rfa c e  
t r a c e s  o f  th e se  ch ip s  make a cu te  ang les w ith  th e  d i r e c t io n  o f  s c ra tc h in g  and 
resem ble c lo s e ly  to  th e  ones produced du rin g  s t a t i c  in d e n ta t io n s . The 
f a c t  t h a t  an in v e r te d  ch ip  has o c c a s io n a lly  been seen to  be ly in g  in  th e  
r e a r  o f  th e  c a v ity  to  which i t  belonged b e fo re  being  detached  su g g es ts  
th a t  i t  has been thrown o f f  a f t e r  th e  in d e n te r  has a c tu a l ly  passed  ahead. 
This ag rees  w ith  th e  r e s u l t s  o f  Lawn and Swain (1975) who have shown th a t  
removal o f  a ch ip  i s  a consequence o f  re s id u a l  s t r e s s e s  and occu rs  on 
un load ing  when th e  l a t e r a l  v en t cracks extend to  in te r s e c t  th e  p r e - e x is t in g  
c racks and th e  f r e e  su r fa c e .
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Fig. 2-1 x 280
O ptica l micrograph o f  chem ica lly -e tched  b ack -su rface  
o f  a s i l i c o n  s u b s t r a te  c a r ry in g  the  saw-damage.
Fig. 2-2
The sc ra tc h in g  machine: A specimen S s i t s  on the  ta b le  T
which i s  t ra v e rse d  by the  micrometers and IVL across  the  
loaded in d e n te r  I mounted on the  gramophone arm.
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Fig. 2-3 x 540
Appearance o f  a s c r a tc h  groove showing chevron cracks. 
D irec tion  o f  s c r a tc h in g  i s  in d ic a te d  by the arrowhead.
[flo]
A
[II°] I
Fig. 2-4 x 675
O ptical micrographs o f  (a) [110]- s c r a tc h ,  and (b) 
[110]- s c r a tc h ,  showing a system o f  cracks on only 
one s id e  o f  the  groove.
Load: 30 gm
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Fig. 2-5 x 48
O ptica l micrograph showing the  sense e f f e c t  due 
to s c ra tc h in g  in  th e  <112>- d i r e c t io n s .  The 
[112]- s c ra tc h  shows le s s  chipping than the  
corresponding [112]- s c r a tc h .
Load: 30 gm
Fig. 2-6 x 675
O ptical micrographs o f  (a) [112]- s c ra tc h  groove 
bounded by a system o f  'chev ron ' c racks , and (b) 
h eav i ly  chipped [112]- s c r a tc h .
Load: 30 gm
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Fig. 2-7 x 990
O ptica l micrograph showing the 
cracks t h a t  form a chip a t  the  
s t a r t i n g  end o f  a [112]- s c ra tc h .
Load: 50 gm
»  [i i 2]
Fig. 2-8 x 1100
O ptica l micrograph o f  a [112]— s c ra tc h  showing 
a chain o f  c h ip -c a v i t i e s  and chevron cracks .
L o ad : 30 gm
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Fig. 2-9 x 990
O ptica l  micrograph showing an in v e r te d  chip in  the 
r e a r  o f  a c av i ty  to  which th e  chip belonged befo re  
being detached. The sc ra tc h in g  d i r e c t io n  i s  [112].
Load: 50 gm
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Fig. 2-10 (a) x 1600
O ptica l micrograph o f  an in d e n ta t io n  showing 
the  cracks ( i n t e r s e c t i n g  the  f ree  su rface ) 
re sp o n s ib le  f o r  the  removal o f  a chip.
Load: 30 gm
Fig. 2-10 (b) x 900
A Nomarski’s in te rfe ro g ram  showing the crack 
opening t i l t  round the  in d e n ta t io n  o f  
Fig. 2-10 (a)
Load: 30 gm
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Fig. 2-14 x 350 -
Scanning E lec tron  Micrograph showing 
f r a c tu re d  m a te r ia l  in  the  c e n tr a l  
p a r t  o f  th e  s c ra tc h  groove.
T i l t  38° Load: 50 gm
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Fig . 2-16 x 1600
Scanning E lec tron  Micrograph showing 
crack ing  round an in d e n ta t io n  produced 
under an in te rm ed ia te  load o f  30 gm.
T i l t  45° Load: 30 gm
Fig . 2-18 x 1600
Scanning E lec tron  Micrograph showing 
chipping  f r a c tu re  round an in d e n ta t io n  
produced a t  a load o f  100 gm.
T i l t  45° Load: 30 gm
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CHAPTER 3 
X-RAY TOPOGRAPHY
S tr u c tu r a l  fe a tu re s  o f  c r y s ta l s  can be s tu d ie d  by v a r io u s  o p t ic a l  
tech n iq u es  d esc rib ed  in  C hapter 2, b u t th ey  p rov ide  in fo rm a tio n  on ly  o f  
th e  su rfa c e  topography. S urface  damage a c ts  as a source o f  d is lo c a t io n s  
sp read in g  in to  th e  depth  o f  a specimen (as w i l l  be shown in  th e  p re s e n t  
and th e  n e x t c h a p te r s ) .  In  o rd e r  to  re v e a l th e se  d is lo c a t io n s  th e  
d e s t r u c t iv e  method o f  e t c h - p i t t in g  i s  u n d e s ira b le  because i t  shows on ly  
th e  d is lo c a t io n s  in te r s e c t in g  th e  f r e e  s u rfa c e . The te ch n iq u e  o f  Dash 
(1956) o f  d e co ra tin g  d is lo c a t io n s  does re v e a l d is lo c a t io n s  in  th e  
i n t e r i o r  o f  a c r y s ta l ,  b u t i s  a ls o  a d e s tr u c t iv e  one. X -ray methods in  
v a rio u s  experim en tal arrangem ents have been proposed ( e .g .  b a c k - r e f le c t io n  
o r  tra n sm iss io n  B e rg -B a rre tt method, Borrmaim’s anomalous tra n sm is s io n  
method o r  th e  method o f  Newkirk and H em ick  (1962) ) to  overcome t h i s  
problem . A.R. Lang (1957) proposed a tech n iq u e  o f  ’p ro je c t io n  topography* 
which makes use  o f  th e  c h a r a c te r i s t i c  X-rays and has been used  v e ry  
s u c c e s s fu lly  to  s tudy  c r y s ta l  d e fe c ts  in  f a i r l y  th ic k  c r y s ta l s  non­
d e s tr u c t iv e  ly .
3-1 THE METHOD OF PROJECTION TOPOGRAPHY
x-ra-y
The method o f  p ro je c tio n /to p o g ra p h y  has been ex p la in ed  f o r  v a rio u s  
geo m etrica l arrangem ents (o f  tra n sm iss io n , r e f l e c t io n ,  s e c t io n ,  l im ite d  
s e c tio n  and l im ite d  p ro je c t io n  modes) in  th e  o r ig in a l  papers  o f  Lang 
(1957, 58, 59, 63, 64 and 6 5 ). M eieran (1969) and more r e c e n t ly  Tanner
(1976) have a lso  given a d e ta i le d  account o f  th e  te ch n iq u e . The 
experim en tal arrangem ent f o r  th e  p ro je c t io n  topography ( in  tra n sm is s io n )  
i s  shown in  F ig . 3 -1 . The fo c a l sp o t F o f  a s u i ta b le  t a r g e t  (Mo, Ag o r  
Cu) produces a d iv e rg e n t beam o f  X -rays. The beam a f t e r  p a ss in g  th rough  
a s e t  o f  c o llim a tin g  s l i t s  S ^ fa l ls  on a c r y s ta l  c mounted on th e  Lang 
camera tu rn ta b le  on a h igh  p re c is io n  goniom eter. The s c i n t i l l a t i o n
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counter(SC ) o f  th e  Lang camera i s  always s e t  a t  tw ice  th e  Bragg ang le  
0
Bhk£ w ith  r e s p e c t  to  th e  d i r e c t  beam fo r  a d e s ire d  Bragg r e f l e c t i o n  hk&. 
The c r y s ta l  i s  ro ta te d  and t i l t e d  about s u i ta b le  axes such th a t  th e  (hkil) 
p lan es  Bragg r e f l e c t  X -rays in to  th e  s c i n t i l l a t i o n  co u n ter so t h a t  th e  
ka^ and ka^ peaks a re  w ell re so lv e d  w ith  t h e i r  in te n s i ty  r a t i o  equal to  
2 : 1. An a d ju s ta b le  s l i t  S2 i s  p laced  behind th e  c r y s ta l  to  p re v e n t the 
t ra n s m itte d  (and d i r e c t  d i f f r a c te d )  beam from reach in g  th e  re c o rd in g  
p la te  (P) s e t  p e rp e n d ic u la r  to  th e  Bragg r e f le c te d  beam p a ss in g  th rough 
th e  a d ju s ta b le  l im it in g  s l i t  S 2 -  The c r y s ta l  and th e  re c o rd in g  p la te  
a re  scanned in  synchronism  in  th e  s ta t io n a r y  beam p a r a l l e l  to  th e  e x i t  
s u r fa c e ,  which i n i t i a l l y  i s  s e t  app rox im ate ly  normal to  th e  in c id e n t  
X -ray beam. T h is produces a p o in t-b y -p o in t p ro je c t io n  o f  th e  c r y s ta l l in e  
f e a tu re s  in  th e  form o f  a two d im ensional image on th e  em ulsion p l a t e .  
T his image can be en la rg ed  l a t e r  by o p t ic a l  methods in  o rd e r  to  s tu d y  th e  
d e t a i l s  o f  th e  f e a tu r e s .
3 -2  THE TYPES OF TOPOGRAPHS
The topographs have been named a f t e r  th e  s p e c i f ic  g eo m etrica l 
a rrangem ents . I f  th e  in c id e n t X -rays e n te r  a c r y s ta l  from one su rfa c e  
and th e  image i s  produced by th e  d i f f r a c te d  beam le av in g  th e  o p p o s ite  
s u rfa c e  (Laue geom etry), th e  image produced i s  term ed a 't r a n s m is s io n  
p ro je c t io n  topograph*. M oreover, i f  th e  c r y s ta l  su rfa c e s  make equal 
an g les  w ith  th e  in c id e n t  and 'r e f le c te d *  beams, th e  tra n sm iss io n  to p o ­
graph i s  'sy m m etr ic ';  o th e rw ise  'a sy m m e tric '.
When th e  X -rays e n te r  and leav e  ( a f t e r  r e f le c t io n )  th e  same 
s u rfa c e  (Bragg geom etry), th e  image produced i s  term ed a ' r e f l e c t i o n  
to p o g ra p h '.  A c r y s ta l  may be h e ld  s ta t io n a r y  in s te a d  o f  scann ing  
th ro u g h o u t th e  whole o f  i t s  le n g th  in  o rd e r to  produce a 's e c t io n  
topograph* . One can a lso  use th e  a d ju s ta b le  s l i t  S 2" to  exclude a 
c e r t a in  depth  o f  th e  c r y s ta l  from e i th e r  fa c e . The image so produced 
i s  term ed a 'l im i te d  p ro je c t io n  (o r  section) to p o g ra p h '. A com bination
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o f  some o r a l l  o f  th e  above arrangem ents i s  v e ry  u se fu l in  so lv in g  a
s p e c i f ic  m ic ro s tru c tu re  problem .
I f  in  th e  b eg inn ing  th e  c r y s ta l  i s  s e t  so th a t  th e  normal to  th e
e x i t  su r fa c e  n i s  p a r a l l e l  to  th e  in c id e n t  X -ray beam, th en  any
r e f l e c t i o n  hk& can be o b ta in ed  by r o ta t in g  th e  c r y s ta l  th rough
w — 90 ±<f>,. + 0n, .hk£ Bhk&
where ^ k J l* 5 th e  an g le  between th e  r e f l e c t io n  v e c to r  g j ^  and th e
re fe re n c e  d i r e c t io n  n . For symmetric r e f le c t io n  in  Laue g e o m e t r y , =
90°, so th a t  w ='' w h ile  fo r  Bragg symmetric case  ^ k J l = o , so th a t
w = 90 + The l a s t  eq u a tio n  shows th a t  th e re  a re  two s o lu t io n s
fo r  w co rrespond ing  to  They correspond  to  th e  hk&-
and th e  h O - r e f l e c t io n s  r e s p e c t iv e ly ,  i f  th ey  a re  a cc e p tab le  on a
g eo m etrica l b a s i s .  For low o rd e r  r e f l e c t i o n s ,  when anomalous a b so rp tio n
a t  Bragg an g les i s  low, p a i r s  o f  topographs from th e  hk&- and hk&- 
r e f le c t io n s  can be o b ta in e d . These p a i r s  o f  topographs a re  c a l le d
’s te reo m ic ro g rap h s ' .  When viewed S im ultaneously  by a s te re o -v ie w e r ,
such topographs re v e a l a th re e  dim ensional arrangem ent o f  v a r io u s  f e a tu re s
p re s e n t ,  and th u s  a re  ve ry  u se fu l fo r  e x tra c t in g  in fo rm atio n  re g a rd in g
th e  d i s t r ib u t io n  o f  d e fe c ts  a long th e  dep th  o f  th e  specim en.
3-3 X-RAY DIFFRACTION
3-3-1 THE EWALD SPHERE
The d i f f r a c t io n  o f  r a d ia t io n  having  w avelengths com parable to  o r
sm a lle r  than  th e  atom ic spac ings o f  c r y s ta l s  make use  o f  th e  ’r e c ip ro c a l
l a t t i c e ’ . A p o in t in  th e  r e c ip ro c a l  l a t t i c e  re p re s e n ts  a  s e t  o f  p la n es
in  th e  r e a l  c r y s ta l  l a t t i c e .  A v e c to r  c 5  = kQ i s  drawn p a r a l l e l  to  th e
in c id e n t  beam w ith  i t s  le n g th  equal to  th e  re c ip ro c a l  o f  th e  w aveleng th , A
The e n d -p o in t, 0 , o f  th i s  v e c to r  i s  tak en  as o r ig in  (ooo) o f  th e
re c ip ro c a l  l a t t i c e .  With th e  i n i t i a l  p o in t C o f  th e  v e c to r  as c e n tr e ,
1a sphere  o f  ra d iu s  lkp,l = ^  i s  drawn. T his i s  c a l le d  th e  Ewald sp h ere
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(a lso  known as  th e  sphere  o f  r e f le c t io n ) ' (F ig . 3 -2 ) . The c o n d itio n  o f  
d i f f r a c t io n  from th e  (hk&) p lan es  i s  t h a t  th e  (hk& )-po in t, P, in  th e  
r e c ip ro c a l  l a t t i c e  should touch  th e  Ewald sp h ere . In  t h i s  way th e  
g eo m etrica l c o n d itio n s  o f  Braggs law,
X = 2dhkJt S in  6BhUV 
i s  s a t i s f i e d  and th e  d i f f r a c te d  beam t r a v e l s  a long C? = kg , so th a t
th e  r e f l e c t io n  v e c to r  i s  g ^ ^  and kg + = kg*
3-3-2  DIFFRACTION THEORIES
There a re  two im portan t th e o r ie s ,  nam ely, th e  k in e m a tica l th e o ry
and th e  dynam ical th e o ry  o f  X -ray d i f f r a c t io n .  The form er assumes th a t
th e  d i f f r a c t i o n  c e n tre s  in  a c r y s ta l  a re  independent from each o th e r  and
t . . ■
t h a t  th e  i n t e n s i t y  o f  th e  d i f f r a c te d  beam i s  always v e ry  sm all compared 
w ith  t h a t  o f  th e  d i r e c t  beam. When a d e fe c t i s  p re s e n t in  a  • th in ' 
c r y s t a l ,  th e re  i s  a lo c a l  d i s to r t io n  o f  th e  l a t t i c e  and i t  d i f f r a c t s  
th e  1 un-used* in te n s i ty  o f  th e  wings o f  th e  in c id e n t  beam. Thus a dark  
image o f  th e  d e fe c t  i s  superposed on th e  g rey  background c o n tr a s t  a r i s in g  
from th e  p e r f e c t  l a t t i c e  su rround ing  th e  d e f e c t .  In  th e  case  o f  a  la rg e  
s in g le  c r y s t a l ,  in  c o n tr a s t  to  th e  k in e m a tica l th e o ry , i n t e n s i t y  in  th e  
d i f f r a c te d  beam is  g e n e ra lly  com parable w ith  t h a t  o f  th e  d i r e c t *  beam 
so th a t  th e  k in e m a tica l approxim ation  b reaks down. • Under such c o n d itio n s  
dynam ical th e o ry  i s  s u i ta b le .  According to  t h i s  th e o ry , energy i s  
exchanged between th e  two beams as i f  th e y  a re  coupled to g e th e r .  Thus 
th e  d i f f r a c t i n g  c e n tre s  in  th e  c r y s ta l  a re  no lo n g e r independent from 
each o th e r .  T h is has an im portan t b e a r in g  on th e  concept o f  th e  Ewald 
sp h e re . In s te a d  th e  id e a  o f  a 'd is p e r s io n  su rface*  (which i s  th e
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lo c i  o f  th e  c e n tre s  o f  th e  allow ed sp h eres) em erges.
3 -3 -3  THE DISPERSION SURFACE AND RELATED PHENOMENA
In th e  c o n s tru c tio n  o f  th e  Ewald sphere  nO account o f  th e  index  o f  
r e f r a c t io n  has been ta k e n . The wave v e c to rs  kg and kg have been ta k en  
equal to  th e  vacuum va lu e  o f  th e  wave v e c to r  k . I f  we ta k e  in to  accoun t 
th e  index  o f  r e f r a c t io n  as w e ll, th e  wave v e c to r
■ ,  ■' ■ 4 8  . ; ■■■~
| k I = k (1 - 1 I  F0) 
where th e  p a ram eter r  i s  r e la te d  to  th e  c l a s s i c a l  e le c tro n  ra d iu s  tq
-13  - . -
( = 2.82 X 10 cm) by th e  r e l a t io n
r  A2 r  -  • e A
ttV • *
V b e in g  th e  volume o f  th e  u n i t  c e l l  and F0 i s  th e  s t r u c tu r e  f a c to r  fo r  
th e  forw ard d i f f r a c te d  (commonly known as th e  tra n sm itte d )  beam. Under 
t h i s  c o n d itio n , th e  o r ig in  o f  th e  t r u e  wave v e c to r  in  th e  c r y s ta l  i s  
determ ined by th e  param eter £0 and Xg  d e fin e d  as th e  d if f e r e n c e  betw een 
th e  a c tu a l  wave v e c to rs  and t h e i r  re s p e c t iv e  vacuum v a lu es  c o rre c te d  by 
th e  average index  o f  r e f r a c t io n ,  i . e . ,
€0 ’ t  = Ob* g • Cl -  I  TFo), ;
f
In  term s o f  £ s ,  th e  fundam ental eq u atio n  o f  th e  d is p e rs io n  s u rfa c e  i s  
So ?g = { k 2 P2 r 2 Fg Pg 
where th e  param eter P d e fin e s  th e  s t a t e  o f  p o la r iz a t io n  and i s  u n i ty  fo r  
tf -p o la r iz a t io n  in  which th e  f i e l d  v e c to rs  Ep and Eg a re  p e rp e n d ic u la r  to  
th e  p lan e  d e fin ed  by ]So and kg, and i s  Cos 20 fo r  i r -p o la r iz a t io n  where 
th e  components E^ and Eg l i e  in  th e  (kp, kg) p la n e . The eq u a tio n  o f  th e  
d is p e rs io n  s u rfa c e  c o n ta in s  th e  s t r u c tu r e  f a c to r s  o f  b o th  th e  (hk£) and 
th e  (hlcE) p lan es  because in  th e  dynam ical th e o ry  th e  two beams form a 
coupled system  and th e  wave v e c to r  kg i s  s c a t te r e d  by th e  b a ck s id e  
(hk£) o f  th e  atom ic p lan es  (hkjt) in to  th e  kp d ir e c t io n  which was 
o r ig in a l ly  d i f f r a c te d  by th e  (hk&) p lan es  in to  th e  kg d i r e c t io n  a t  th e  
Bragg ang le  o f  in c id e n ce .
For each s t a t e  o f  p o la r iz a t io n ,  th e  s o lu tio n s  to  th e  l a s t  e q u a tio n  
a re  two h y p e rb o lic  sh e e ts  form ing two branches o f  th e  d is p e r s io n  s u r fa c e .  
They a re  c en tred  a t  th e  p o in t C1 (F ig . 3 -3 ) . The a -b ran ch  co rresponds 
to  th e  locus o f  th e  wave p o in ts  o f  th e  wave v e c to r  k_a lo n g e r th an  k^  
whereas th e  8-b ranch  re p re se n ts  th e  lo cu s  o f  th e  wave p o in ts  o f  wave 
v e c to rs  k^ s h o r te r  th an  k_. Each o f  th e  wave p o in ts  has a component in  
th e  in c id e n t  beam d i r e c t io n ,  knfV and kpg and a component in  th e  d i f f r a c t e d
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beam d i r e c t io n  kga and kg3 » For one in c id e n t  wave, to g e th e r  th e re  a re  
e ig h t wave components in  th e  c r y s ta l .  There i s  a 180° phase d if f e r e n c e  
between th e  a and 8 branch  waves (F ig . 3 -4 ) . In te ra c t io n  between th e  
waves from th e  two b ranches o f  th e  d is p e r s io n  su rfa ce  g ives r i s e  to  a 
t o t a l  d i f f r a c te d  in te n s i ty  th a t  v a r ie s  s in u s o id a lly  w ith  th ic k n e ss  o f  
th e  c r y s t a l .  These p e r io d ic  f lu c tu a t io n s  in  in te n s i ty  (having a p e rio d  
which i s  a fu n c tio n  o f  th e  d if f e r e n c e  o f  th e  lc  ^ and k^ wave v e c to rs )  
g ive  r i s e  to  what a re  commonly known as Pendellosung f r in g e s  (P endellosung  
"pendulum s o lu tio n "  from th e  anology w ith  th e  dynamics o f  a p a i r  o f  
coupled pendulum s).
An a c t iv e  wave p o in t  o n ,th e  d is p e r s io n  su rfa ce  i s  determ ined  by 
th e  geom etry o f  th e  experim en ta l arrangem ent. The im portan t p a ram ete rs  
a re  th e  an g le  o f  in c id e n ce , 0 , o f  th e  beam to  th e  d i f f r a c t io n  p la n es  
(hk&) and t h e i r  in c l in a t io n ,  to  th e  f r e e  s u rfa c e . F ig . 3-5 shows
th e  case  when 0 i s  s l i g h t ly  le s s  th an  th e  Bragg angle  0„. SS i s  th e  f r e ec
su rfa c e  hav ing  an inward normal n.. The p o in t  A i s  th e  o r ig in  o f  th e  
vacuum wave v e c to r  so th a t  th e  an g u la r d e v ia t io n  A0 from th e  Bragg ang le  
0g i s  p ro p o r tio n a l to  th e  d is ta n c e  AC. From A, a l in e  i s  drawn p a r a l l e l  
to  n  which in te r s e c t s  th e  a -  and 8-  b ranches o f  th e  d is p e r s io n  su r fa c e  
re s p e c t iv e ly  a t  P^ and P^, th e  a c t iv e  wave p o in ts .  I f  0=0g, th e  p o in t  
A c o in c id es  w ith  C and d ia m e tr ic  p o in ts  P^ and 1*2 a re  s e le c te d .  The 
a c t iv e  w ave-po in ts l i e  above (o r below) P-^2 th e  ang le  0 i s  g r e a te r  
(o r sm a lle r)  th an  0g. Batterm an and Cole (1964) have shown th a t  th e  
a b so rp tio n  c o e f f ic ie n t  fo r  sm a lle r v a lu es  o f  A0 i s  sm a lle r  fo r  th e  
a -  b ranch  (and g re a te r  fo r  th e  8- branch) th an  i t s  normal v a lu e  Po*
Moreover th e  i n te n s i ty  in  th e  forw ard d i f f r a c te d  beam i s  more (o r  le s s )  
than  th a t  in  th e  d i f f r a c te d  beam i f  0 i s  sm a lle r  (o r  g re a te r )  th an  0g, 
w h ile  th ey  become equal a t  0 = 0g. For th e  8-  branch  i t  i s  th e  o th e r  
way round. According to  th e  dynamical th e o ry , th e  m u ltip le  r e f l e c t i o n s
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o f th e  waves and t h e i r  in te r a c t io n  w ith  each o th e r  s e t  up s tan d in g  waves 
in  th e  c r y s t a l ,  hav ing  nodes a t  th e  atom ic p o s it io n s  fo r  th e  a -  b ranch  
and an tin o d es  f o r  th e  3- b ranch . Because o f  th e  zero am plitudes o f  th e  
a -  branch  waves a t  atom ic s i t e s ,  no in te r a c t io n  between th e  X -rays and 
th e  e x tra n u c ie a r  e le c tro n s  o f  th e  atoms ta k e s  p lace  r e s u l t in g  in  th e  
passage  o f  th e se  waves w ith o u t any a b so rp tio n . On th e  o th e r  hand, th e  
3-  waves s u f f e r  maximum a b so rp tio n  because th e y  have maximum am plitude 
a t  th e  atom ic p o s i t io n s .  When th e  c r y s ta l  i s  p e r fe c t  and o f  uniform  
th ic k n e s s , th e  topographs show f e a tu r e le s s  background c o n tr a s t  due to  
th e  a -  b ranch  waves. As a r e s u l t  o f  lo c a l  s t r a in s  in  c r y s t a l s ,  th e  
atoms a re  d isp la c e d  so th a t  th ey  l i e  in  th e  p a th  o f  a -  b ranch  cau sin g  
t h e i r  a b so rp tio n  producing  a fw hite  shadow* on the  topographs due to  
lo s s  o f  i n te n s i ty ,  th u s  p ro v id in g  a b a s is  f o r  imaging th e  c r y s ta l  d e f e c t s . 
3-4 DETERMINATION OF BURGERS VECTOR OF A DISLOCATION
The method o f  X -ray topography can be used to  c h a ra c te r iz e  a 
d is lo c a t io n .  F ig . 3-6 shows th e  V arious s l i p  p lanes o f  s i l i c o n .  The 
base  o f  th e  r e g u la r  te tra h e d ro n  (known as  Thompson's te tra h e d ro n )  
corresponds to  th e  (111) p lan e  o f  th e  s u b s t r a te .  The two im p o rtan t 
ty p es  o f  d is lo c a t io n s ,  namely an edge and a screw d is lo c a t io n  (d e fin ed  
in  s e c tio n  1 -3  ) a re  shown in  F ig . 3-7 a long w ith  th e  c o n d itio n s  f o r  a 
maximum and a minimum c o n tra s t  a r i s in g  from them. I f  th e  g -v e c to r  i s  
p a r a l l e l  to  th e  Burgers v e c to r ,  a maximum c o n tra s t  i s  p roduced . I f  
th ey  a re  normal to  each o th e r ,  th e  c o n tra s t  i s  a  minimum im ply ing  t h a t  
th e  c o n tr a s t  a r i s in g  from a d is lo c a t io n  cannot be d is t in g u is h e d  from 
th e  background. In t h i s  s i tu a t io n  th e  d is lo c a t io n  image i s  term ed 
’ In v is ib le .*  T h is , in  f a c t ,  i s  th e  p h y s ic a l in te r p r e ta t io n  o f  th e  w e ll 
known g. • b. c r i t e r io n .
According to  th e  above r u le ,  i f  a d is lo c a t io n - is  v i s i b l e  in  two 
r e f le c t io n s  from th e  o c ta h e d ra l p lan es  (say  111 and i l l )  b u t i n v i s i b l e  
in  th e  t h i r d  r e f l e c t io n  from th e  o c ta h e d ra l p lan e  ( i . e .  I l l ) ,  th en  th e
d is lo c a t io n  l i e s  in  th e  (111) p lane  and has i t s  Burgers v e c to r  p a r a l l e l  
to  th e  l in e  o f  in te r s e c t io n  o f  th e  ( 111) and th e  ( 111) p la n es  ( i . e .  th e  
[110] d i r e c t i o n ) . Such a d is lo c a t io n  cannot be in v i s ib le  in  a 220- type 
r e f l e c t io n  ly in g  in  th e  (111) p la n e . A 220- type  r e f l e c t io n  makes 
in v is ib le  o n ly  th o se  d is lo c a t io n s  which have th e i r  Burgers v e c to rs  
p a r a l l e l  to  th e  [110] -  d ir e c t io n s  in c lin e d  to  th e  ( 111) p la n e .
For th e  case  o f  |i t< l ,  a s i tu a t io n  may a r i s e  in  which a d is lo c a t io n  
produces a double im age. This i s  v e ry  in fo rm ativ e  in  th a t  i t  p r e d ic ts  
n o t o n ly  th e  c h a ra c te r  and B urgers v e c to r  o f  a d is lo c a t io n  b u t a lso  th e  
s l i p  p lan e  on which th e  d is lo c a t io n  g l id e s .  Under th e se  c ircum stances 
th e  j* . v a lu e  i s  e s s e n t ia l ly  equal to  2 . This occurs  when an edge 
d is lo c a t io n  has i t s  B urgers v e c to r  p a r a l l e l  to  the  o p e ra tiv e  £ -  v e c to r ,  
b o th  ly in g  in  th e  s l i p  p lane, in  which th e  d is lo c a t io n  i s  g l id in g .
3-5 X-RAY TOPOGRAPHY OF SCRATCHES
The g en era l f e a tu re s  o f  th e  s c ra tc h  damage and th e  a s s o c ia te d  
c racks have been d iscu ssed  in  C hapter 2. There i t  was seen th a t  th e  
c rack s  fo llo w in g  Chevron* geom etries (open in  th e  d i r e c t io n  o f  m otion 
o f  th e  s l id e s )  in d ic a te d  th a t  th e  s t r a i n  f i e l d  o u ts id e  th e  s c ra tc h  groove 
had i t s  m ajor component normal to  th e  s c r a tc h  le n g th . In  o rd e r  to  an a ly se  
th e  n a tu re  o f  th e  s t r a i n  f i e l d ,  specimens w ith  th e  s c ra tc h -  damage were 
examined by tra n sm iss io n  X -ray topography.
3-6 SCRATCHES ON NEAR (111) SILICON
The n e a r  (111) s i l i c o n  s l i c e s  w ith  s c ra tc h e s  made p a r a l l e l  to  th e  
<110>- and th e  <112>- d i r e c t io n s  a t  room tem p eratu re  (d e sc rib ed  in  
s e c tio n  2 -1-3) were mounted on th e  Jarrell-A sh  Lang camera. X -ray 
p ro je c t io n  topographs (fo llo w in g  th e  method o f  s e c tio n  3-1 ) were taken
u sin g  d i f f e r e n t  r e f l e c t io n s .
A topograph showing th re e  such p a ir s  o f  s c ra tc h e s  in  th e  [112] 
and th e  o p p o s ite  d i r e c t io n  under th e  loads o f  20, 10 and 5 gm i s  shown in
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F ig . 3-10. The topograph was produced by th e  220- r e f l e c t i o n  ( i . e .  th e  
j*- v e c to r  was p e rp e n d ic u la r  to  th e  s c ra tc h  le n g th ) . The d i s t i n c t  
fe a tu re s  in c lu d e  th e  enormous ex ten s io n s  o f  th e  f i e l d  o f  c o n tr a s t  round 
th e  s c r a tc h e s , t h e i r  dependence on th e  in d e n te r  load  and a s tro n g  sense  
e f f e c t  between th e  w id ths o f  th e  s t r a i n  f i e ld s  a sso c ia te d  w ith  a  p a i r  
o f  s c ra tc h e s  made o p p o s ite  to  each o th e r  under a s im ila r  load  o f  more 
than  10 gm.
The topograph re v e a le d  th a t  th e  p a ir s  o f  <112>- s c ra tc h e s  made 
under a load  o f  more th an  10 gm e x h ib ite d  a sense e f f e c t  in  th a t  a [1123- 
s c r a tc h  was a s s o c ia te d  w ith  a narrow er f i e l d  o f  c o n tra s t  th an  i t s  
c o u n te rp a r t in  th e  o p p o s ite  d i r e c t io n .  X -ray topography d e te c ts  th e  
l a t t i c e  d i s to r t io n s  o f  a c r y s t a l .  The w idth  o f  th e  s t r a in  f i e l d  o f  a 
[112] — s c ra tc h  suggested  th a t  th e  l a t e r a l  ex ten s io n s  o f  th e  d i s to r t io n s  
round t h i s  s c r a tc h  were more th an  th a t  o f  th e  [112]- s c r a tc h .  However, 
a t  th e  loads o f  5 gm th e  observed  a n iso tro p y  seemed to  have d isap p ea red .
In  o rd e r  to  u n d erstand  t h i s  a n iso tro p y  o f  th e  long-ranged  s t r a i n  
f i e l d ,  th e  r e s u l t s  o f  th e  o p t ic a l  m icroscopy should  be r e c o l le c te d .  There 
i t  was n o ted  th a t  a t  com p arativ e ly  h e a v ie r  lo a d s , /c h e v ro n 1 c rack s 
p ropagated  on b o th  s id e s  o f  a [112]- s c r a tc h .  These c rack s  jo in e d  
to g e th e r  to  produce a chain  o f  fan -shaped  c a v i t ie s  sp read in g  a l l  over 
th e  le n g th  o f  a [112]- s c ra tc h  due to  removal o f  b ig  c h ip s . Thus th e re  
e x is te d  an a n iso tro p y  in  th e  p h y s ic a l e x te n t o f  th e  damage o f  th e  two 
s c ra tc h e s  made under a s im ila r  lo ad  in  th a t  a  [112] -  s c r a tc h  was w ider 
th a n  i t s  c o u n te rp a r t  in  th e  o p p o s ite  d i r e c t io n .  The in te r fe ro m e try  o f  
th e  re g io n s  round in d e n ta tio n s  had shown th a t  th e re  e x is te d  m is-m atch 
f r in g e s  in d ic a t in g  an incom plete h e a lin g  o f  th e  c rack s p ro b ab ly  due to  
wedging a c t io n  o f  th e  f in e  p a r t i c l e s  o f  d e b r is .  T h is suggested  th a t  an 
enormous r e s id u a l  s t r e s s  should be  a s s o c ia te d  w ith  th e -re g io n s  a d jo in in g  
c ra c k s .
I f  th e  load  on th e  in d e n te r  was decreased , th e  e x te n t o f  p ro p ag a tio n
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o f  th e  cracks a lso  d ec rea sed . At a . lo a d  o f  5 gms, th e  grooves o f  th e  
[112] and the  [112] -  s c ra tc h e s  were very  s im ila r  m ainly because  o f  th e  
f a c t  th a t  th e  a p p lie d  s t r e s s  was n o t s u f f i c i e n t  to  form a ch ip  in  th e  
easy  d i r e c t io n  o f  s c ra tc h in g , [112] ,  and so th e  a n iso tro p y  between th e  
s c ra tc h e s  in  th e se  d i r e c t io n s  d isap p ea red . Thus th e  load  on th e  in d e n te r  
was a v e ry  im p o rtan t param eter tow ards d e f in in g  th e  n a tu re  and e x te n t o f  
th e  damage in  d i f f e r e n t  s c ra tc h in g  d i r e c t io n s .
Combining th e  r e s u l t s  o f  X-ray topography w ith  th o se  o f  o p t ic a l  
m icroscopy, one could  draw two im portan t c o n c lu s io n s , f i r s t l y ,  t h a t  th e  
long-ranged  to p o g rap h ic  c o n tr a s t  a r i s e s  from th e  unhealed  c rack s  round 
th e  s c ra tc h e s , and seco n d ly , t h a t  th e  removal o f  a ch ip  r e l i e v e s  th e  
r e s id u a l  s t r e s s  r e s u l t in g  in  narrow ing o f  th e  f i e l d  o f  c o n t r a s t .  The 
l a t t e r  i s  b e a u t i f u l ly  dem onstrated  in  F ig . 3-11 c o n s is t in g  o f  an o p t ic a l  
m icrograph o f  a [112] -  s c r a tc h  showing a b ig  cavity- a t  i t s  c e n tre  and 
an X -ray topograph o f  th e  same under a s im ila r  m a g n if ic a tio n . The c o n tra s t  
..at th e  p o s i t io n  o f  th e  ch ip  c a v ity  had narrowed down' a b ru p tly  in d ic a t in g  
th a t  th e  r e s id u a l  s t r e s s  had indeed been re l ie v e d  a t  t h a t  p la c e .  A f te r  
i t  had been e s ta b lis h e d , th e  f i r s t  co n c lu sio n  fo llow s a u to m a tic a lly ,
because th e  main d if f e r e n c e  between a [112]** and co rresp o n d in g  [112] -
< - ■ 
s c r a tc h  i s  th e  system  o f  c racks a s s o c ia te d  w ith  th e  form er and a ch a in
o f  ch ip -  c a v i t i e s  w ith  th e  l a t t e r .
The shape and e x te n t o f  th e  to p o g rap h ic  c o n tr a s t  a s s o c ia te d  w ith  
th e  s c ra tc h e s  was found to  be s tro n g ly  dependent on th e  o p e ra tiv e  
r e f l e c t io n  v e c to r , £ . This f a c i l i t a t e d  u se  o f  th e  g_ . b_ c r i t e r io n  
(b = u fo r  th i s .c a s e  b e in g  th e  d isp lacem ent v e c to r  o f  th e  s t r a i n  f i e ld )  
to  an a ly se  th e  n a tu re  o f  th e  n a tu re  o f  th e  r e s id u a l  s t r a i n .  F ig . 3-10 
was produced by th e  220 r e f l e c t io n  so th a t  the__g- v e c to r  was p e rp e n d ic u la r  
to  th e  s c ra tc h  le n g th . Two d i s t i n c t  ty p es  o f  c o n tr a s t  f e a tu re s  cou ld  
be seen in  th i s  topograph . The f i r s t  i s  a  1 l in e  o f  no c o n t r a s t1 in  th e
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in  th e  c e n tre  c o in c id in g  w ith  th e  s c ra tc h  groove. T his l in e  o f  no 
c o n tra s t  had some p a tch es  o f dark  c o n tra s t  s c a t te r e d  a l l  over i t s  le n g th . 
The two members o f  a p a i r  o f  s c ra tc h e s  produced under d i f f e r e n t  loads 
were se p a ra te d  by a d is ta n c e  o f  0 .86  mm. Under th e  geo m etrica l 
arrangem ent o f  F ig . 3 -1 , th e  p ro je c te d  le n g th  o f  th e se  s c ra tc h e s  fo r  
t h i s  r e f l e c t i o n  should  be 0 .86  Cos 12.49 = 0 .84  mm, which i s  th e  s e p a ra tio n  
between th e  l in e s  o f  no c o n tr a s t  on th e  topograph . A second ty p e  o f  
c o n tr a s t  appeared  in  th e  form o f  dark  wings o f  a  s c ra tc h  p laced  
sym m etrica lly  on bo th  s id e s  o f  th e  l in e  o f  no c o n tr a s t .  Let us c a l l  
th e  form er c o n tr a s t  type  I  and th e  l a t t e r  type  I I .
The topograph o f  F ig . 3-10 suggested  th a t  th e  d isp lacem en t v e c to r  
a s s o c ia te d  w ith  th e  in v i s ib le  c o n tr a s t  o f  ty p e  I was p a r a l l e l  to  th e  
s c ra tc h  le n g th  making g_ . b_ equal to  zero a t  th e  w hite  re g io n s  o f  th e  
l in e .  But th e  e x is ta n c e  o f  dark  p a tch es  in  th e  l in e  su g g ested  th a t  
th e re  were some o th e r  d isp lacem ents which were d i f f i c u l t  to  d e f in e  owing 
to  th e  com plexity  and o v erlap p in g  o f  th e  ty p e  I and ty p e  I I  c o n t r a s t s .
The topograph o f  F ig . 3-12 was produced by th e  111- r e f l e c t i o n  so 
th a t  th e  p ro je c t io n  o f  g -  v e c to r  was p a r a l l e l  to  th e  s c ra tc h  le n g th  
on th e  topograph . Now th e  type  I showed a maximum c o n tr a s t  as  expected  
on th e  b a s is  o f  th e  p rev io u s  co n clu sio n  w h ile  th e  type  I I  had changed 
i t s  c o n tr a s t  p re s e n tin g  a v e ry .co m p lica ted  p a t te r n .  But th e  'w in g s ' 
in  g en era l have shrunk a t  some p la c e s  (along th e  whole le n g th  o f  th e  5 gm 
s c ra tc h e s ) .  T his suggested  th a t  th e  m ajor component o f  th e  r e s id u a l  
s t r e s s  in  th e  'w in g s ' was normal to  th e  s c r a tc h -  le n g th .
On th e  same c r y s t a l ,  s c ra tc h e s  p a r a l l e l  to  th e  <110> d i r e c t io n s  
had a lso  been made. A topograph o f  th e se  s c ra tc h e s  under loads o f  20,
10 and 5 gm i s  shown in  F ig . 3-13 produced by th e  224- r e f l e c t i o n  so 
th a t  th e  g -  v e c to r  was p e rp e n d icu la r  to  th e  s c ra tc h  le n g th . Once ag a in  
th e  type I  and th e  type I I  c o n tra s ts  could  be seen a s s o c ia te d  w ith  th e  
s c ra tc h e s . The 220- r e f l e c t io n  changed th e  c o n tra s t  p a t te r n  as b e fo re ,
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showing a sh rin k ag e  o f  th e  type  I I  and appearance o f  type I c o n tra s t  
w ith  a maximum [F ig . 3 -14 ], But th e re  was no sense e f f e c t  between th e  
p a i r s  o f  s c ra tc h e s  produced under s im i la r  lo ad s.
Rows o f  in d e n ta tio n s  under s im ila r  loads were a lso  made on th e
same c r y s ta l .  The c o n tra s t  from th e  in d e n ta tio n s  under d i f f e r e n t  
r e f le c t io n s  was such th a t  a l in e  o f  no c o n tra s t  always appeared normal 
to  th e  g- v e c to r  (F ig . 3 -1 5 ). The l in e  i t s e l f  was always bounded by 
two b lo b s  o f  dark  c o n t r a s t .  This su ggested  two types o f  d isplacem ents..
The f i r s t  a s s o c ia te d  w ith  th e  c e n tr a l  com pressive zone o f  th e  in d e n ta t io n ,  
b e in g  always in v is ib le  was always p e rp e n d ic u la r  to  a g -v e c to r . The second 
re p re se n te d  th e  zone o u ts id e 'th e  c e n tr a l  reg io n  and seemed to  be re v o lv in g  
as i f  i t  was 'p iv o te d ' a t  th e  c e n tre  and produced a l in e  o f  no c o n tra s t ' 
d ire c te d  r a d i a l l y  outw ard normal to  th e  g- v e c to r .
The com parison o f  th e  w idth  o f  th e  in d e n ta t io n  c o n tr a s t  w ith  th a t
o f  a  s c ra tc h  made under a s im ila r  load  and imaged in  th e  same topograph
showed th a t  th e  l a t t e r  was 3-5 tim es w ider th an  th e  fo rm er.
The r e s u l t s  o f  th i s  s e c t io n  can be summarized in  th e  fo llo w in g :
(1) The to p o g rap h ic  c o n tr a s t  round th e  s c ra tc h e s  and in d e n ta t io n s  
on n e a r  CHI) s i l i c o n  extended to  enormous l a t e r a l  e x te n ts  
compared w ith  th e  w idth  o f  th e  s c ra tc h  groove o r  in d e n ta t io n
(2) The w idth o f  th e  c o n tr a s t  r a p id ly  in c re a se d  w ith  th e  in d e n te r  
lo a d .
(3) Below a c r i t i c a l  load  th e re  was no sense e f f e c t  in  <112>
d ir e c t io n s .
(4) When th e  in d e n te r  load  was 10 gm o r  more a [112]— s c ra tc h
produced a w ider f i e l d  o f  c o n tr a s t  th an  i t s  c o u n te rp a r t  in  
th e  o p p o s ite  d i r e c t io n .
(5) The long- range topo g rap h ic  c o n tr a s t  was due to  th e  unhealed
cracks a s s o c ia te d  w ith  th e  s c ra tc h e s  and in d e n ta t io n s .
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(6) The removal o f  a ch ip  re l ie v e d  th e  re s id u a l  s t r e s s  in d ic a te d  
by th e  narrow ing o f  th e  c o n tr a s t .
(7) There was no sense e f f e c t  a s s o c ia te d  w ith  th e  <110>- s c ra tc h e s  
from th e  topograph ic  p o in t  o f  view .
(8) The s t r a i n  f i e l d  a s s o c ia te d  w ith  sc ra tc h e s  had two prom inent 
ty p e s :
(a) th e  type  I a t  th e  p o s i t io n  o f  th e  p h y s ic a l groove.
I t  showed up s tro n g ly  (o r weakly) when a j*- v e c to r  
was p a r a l l e l  (o r norm al) to  i t .
(b) th e  type  I I  in  th e  'w in g s ' o f  a s c ra tc h  th a t  showed 
up s tro n g ly  when g was normal to  th e  s c ra tc h  le n g th  
and narrowed down when p ro je c te d  ,g was p a r a l l e l  to  i t .
(9) The w idth  o f  th e  c o n tr a s t  from an in d e n ta tio n  was 3-5 tim es 
narrow er th an  th a t  o f  th e  correspond ing  s c r a tc h .
(10) The c o n tr a s t  from th e  c e n tre  o f  an in d e n ta tio n  was alw ays 
in v i s ib le  showing th e  Compressive zone.
(11) There was a r a d ia l  component o f  in v i s ib le  l in e  c o n t r a s t  
b e in g  always normal to  th e  j*- v e c to r .
3-7  EFFECT OF HEAT TREATMENT
X -ray topographs show th a t  th e  room tem p era tu re  defo rm ation  round 
th e  s c ra tc h e s  ex tends to  an a p p re c ia b le  d is ta n c e  and seem to  be m ainly 
in  a  s t a t e  o f  p lan e  s t r a in  com pression o u ts id e  th e  s c r a tc h  groove.
D uring th e  m anufacture o f  sem iconductor d e v ic e s , th e  s u b s t r a te s  a re  
h e a t t r e a te d  a t  a  tem p era tu re  o f  about 1000°C. I t  was in  t h i s  co n n ec tion  
th a t  th e  s u b s tr a te s  w ith  th e  s c ra tc h  damage were annealed  in  a stream  o f  
h ig h  p u r i ty  (99.99%) argon. The h e a t- tre a tm e n t r e s u l te d  in  r e la x a t io n  
o f  th e  s t r a in  f i e l d  round a sc ra tc h  by th e  movement o f  d is lo c a t io n s .  I t  
was p o s s ib le  to  re s o lv e  th e se  d is lo c a t io n s  and c h a ra c te r iz e  them by 
ta k in g  a r e f l e c t io n  (o r a s e t  o f  r e f le c t io n s )  in  which some o r  a l l  o f
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them were i n v i s ib le .  The n a tu re  o f  a  d is lo c a tio n  depended on th e  sense 
o f  s c ra tc h in g  and acco rd in g ly  a re  d e sc rib ed  below:
5-7-1  THE <112>- SCRATCHES
The specimen from which th e  topograph o f  F ig . 3-10 was produced 
by th e  220 r e f l e c t io n  was annealed  a t  a tem pera tu re  o f  1000°C f o r  30 
m inu tes . A topograph o f  th e  <112>- s c ra tc h  was produced in  th e  same 
r e f l e c t io n  and i s  shown in  F ig . 3-16. I t  re v ea led  th a t  th e  d is lo c a t io n s  
had been o r ig in a te d  on ly  from one s id e  o f  s c ra tc h e s . I n te r e s t in g ly  th e  
a n iso tro p y  between th e  [112] -  and th e  [ l l 2 ] - s c r a tc h e s  s t i l l  e x is te d  and 
m an ifested  i t s e l f  in  t h a t  th e  sc ra tc h e s  w ith  a  w ider f i e l d  o f  c o n tr a s t  
had produced s e m i-c irc u la r  d is lo c a t io n  loops and bands o f  c o n tr a s t  in  
th e  form o f  s t r a ig h t  l in e s  runn ing  a long  th e  <0 l l > •d ir e c t io n s  t h a t  made 
an an g le  o f  30° w ith  th e  s c ra tc h  le n g th . On th e  o th e r  hand th e  narrow er 
s t r a i n  f i e l d  o f  th e  [112] -  s c ra tc h  had n o t produced d is lo c a t io n s .
Moreover no d is lo c a t io n s  were o rig in ated  from th e  s c ra tc h e s  made in  th e  
<112> d ir e c t io n s  under a load  o f  5 gm.
In o rd e r  to  c h a ra c te r iz e  th e se  d is lo c a t io n s ,  topographs in  d i f f e r e n t  
r e f le c t io n s  were produced. The 220, 111, 31I  and 224- type  r e f l e c t io n s  
were g e n e ra lly  used . The F ig . 3-16 (a) was produced by th e  220- 
r e f l e c t i o n .  Here b o th  ty p es  o f  d is lo c a t io n s  produced a s tro n g  c o n t r a s t .  
M oreover, th e  d is lo c a t io n  h a lf - lo o p s  produced double images .which cou ld  . 
be seen v e ry  c le a r ly  in  th e  s e c tio n  topograph o f  F ig . 3-1$ (b) produced 
under th e  same r e f l e c t i o n .  This was an in d ic a t io n  th a t  th e  d is lo c a t io n s  
a t  th e  double image s i t e s  were edge in  c h a ra c te r ,  as su g gested  by 
Jenk inson  and Lang (195,2), having  t h e i r  B urgers v e c to r  p a r a l l e l  to  th e  
£ - v e c to r . This was confirm ed by th e  topograph in  th e  111- r e f l e c t i o n ,  
F ig . 3-17, where d is lo c a t io n  loops had d isap p eared  (which was a lso  found 
to  be th e  case in  th e  224- r e f le c t io n )  . Follow ing th e  £  . b c r i t e r i a ,  
th e  Burgers v e c to rs  o f  th e  d is lo c a t io n  loops o r ig in a t in g  from th e  [112]-
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s c ra tc h e s  were found to  be p a r a l l e l  to  [110] d i r e c t io n  which ag rees  w ith  
th e  o r ig in a l  s t r a i n  f i e l d  o f  th e  unannealed s c ra tc h e s  (because th e  
d is lo c a t io n  images in  th e  111, 111 and 202 were f a i r l y  s tro n g  n e g a tin g  
th e  p o s s i b i l i t y  o f J [0 1 1 ] , J [101] B urgers v e c to r s ) .  The c o n tr a s t  
co n d itio n s  f o r  th e se  d is lo c a t io n s  have been o u tlin e d  in  t a b le  I .
The d is lo c a t io n s  in  th e  form o f  s t r a ig h t  l in e s  fo llow ed th e  
c o n tra s t  c o n d itio n s  o u tlin e d  in  ta b le  I I .  I t  was found th a t  th e y  were 
in v i s ib le  in  th e  111- r e f l e c t i o n  (F ig . 3-18) w h ile  a s tro n g  c o n tra s t  
was produced in  th e  220, 202 and 111 r e f l e c t i o n s .  T his su ggested  t h e i r  
Burgers v e c to rs  were ±J[101] im plying th a t  th e  s t r a ig h t  d is lo c a t io n s  
were in  f a c t  pu re  60° d i s lo c a t io n s . i
3-7-2 THE <110>- SCRATCHES
The <110>- sc ra tc h e s  made under 20, 10 and 5 gm loads a re  shown 
in  F ig . 3-19 produced by th e  220- r e f l e c t i o n .  The open-loop  segm ents 
seemed to  be in te r s e c t in g  th e  f r e e  su rfa c e  and suggested  t h a t  th e y  were 
g lid in g  on th e  s l i p  p lan es  in c lin e d  to  th e  (111). The topograph o f  
F ig . 3-20 was produced by th e  111- r e f l e c t i o n  and alm ost a l l  th e  loop 
segments a s s o c ia te d  w ith  th e  [110]- s c ra tc h e s  were i n v i s ib l e .  The c o n t r a s t  
c o n d itio n s  have been summarized in  ta b le  I I .  I t  suggested  th a t  t h e i r  
B urgers v e c to rs  were ± J[1 0 l] s in c e  a s tro n g  c o n tr a s t  in  th e  111, 111 and - 
th e  220 r e f l e c t io n s  was v i s i b l e .  On th e  o th e r  hand th e  loop segments 
gen era ted  from th e  [110] -  s c ra tc h e s  were i n v i s ib le  in  th e  111- 
r e f l e c t i o n  su g g es tin g  t h e i r  Burgers v e c to rs  to  be ± J[0 1 1 ]. The 
c o n tr a s t  c o n d itio n s  under d i f f e r e n t  r e f l e c t io n s  have been o u t l in e d  in  
ta b le  I I I  fo r  th e s e  loop segm ents. M oreover, s e m i-c irc u la r  h a lf - lo o p s  
were a lso  a s s o c ia te d  w ith  th e se  s c ra tc h e s  and obeyed th e  c o n tr a s t  
c o n d itio n s  o f  t a b le  I I  su g g es tin g  t h e i r  Burgers v e c to rs  to  be  ± J [101].
Thus i t  seemed as i f  th e  mode o f  r e la x a t io n  o f  th e  r e s id u a l  s t r e s s  
round th e  <112>- s c ra tc h e s  was d i f f e r e n t  from th a t  o f  th e  <IlO> s c r a tc h e s .  
W hile fo r  th e  form er i t  took  p la ce  on th e  (111) p lan es  p a r a l l e l  to  th e
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f r e e  s u r fa c e , i t  occu rred  on th e  in c l in e d  s l i p  p la n es  fo r  th e  l a t t e r .
In  each ca se , however, th e  Burgers v e c to rs  la y  in  th e  (111) p la n e -n e a r ly  
p a r a l l e l  to  th e  s u r fa c e .
3 -7-3  OTHER FEATURES
(a) DISLOCATIONS FROM A SCRIBE LINE
In -o rd e r  to  p rep a re  a specim en, s i l i c o n  s u b s tr a te s  were s c r ib e d  
approxim ately  p a r a l l e l  to  th e  [112] and th e  [110]- d i r e c t io n s  (Drum and 
C lark  (1968, 70) ) .  The e f f e c t  o f  h e a t tre a tm e n t on such a s c r ib e  
l in e  approx im ate ly  p a r a l l e l  to  th e  [110] could  be seen  in  topograph o f  
F ig . 3-22 produced by th e  202- r e f l e c t i o n .  The d is lo c a t io n  loops 
p ropagated  in  th e  same way a s tth ey  had o r ig in a te d  from th e  s c ra tc h e s .
In  th e  topograph , th e y  showed ty p ic a l  double image a t  some p la c e s  
in d ic a t in g  j* . b v a lu e  to  be 2 and su g g es tin g  t h e i r  Burgers v e c to rs  to  be..;
[ i d ] .  F u r th e r  co n firm a tio n  comes from th e  111 and 111- r e f l e c t io n s  
where most o f  th e  d is lo c a t io n s  had d isap p ea red  (F ig . 3 -2 3 .)
(b) PENDELLOSUNG FRINGES
In  b o th  th e  above f ig u r e s ,  n ea r th e  edges o f  th e  c r y s t a l ,  a 
system  o f  f r in g e s  could  be seen  v e ry  c le a r ly .  These a re  th e  Pendellosung  
f r in g e s .  They appear in  th e  reg io n s  where a p e r f e c t  c r y s ta l  i s  ta p e re d  
and a re  u s e fu l fo r  d e term in ing  th e  th ic k n e ss  o f  a c r y s t a l .  T h e ir 
v i s i b i l i t y  d e c rea se s  as th e  c r y s ta l  th ic k n e ss  in c re a se s  due to  th e  
a b so rp tio n s  e f f e c t s  becoming p rom inen t. Because th ey  re p re s e n t  th e  
co n to u rs  o f  c o n s ta n t th ic k n e ss  in  a p e r f e c t  c r y s t a l ,  th e  p resen ce  o f  
a d e fe c t u p se ts  th e  phase r e la t io n s h ip  betw een th e  in te r f e r in g  waves 
(d e sc rib ed  in  s e c t io n  3-3) and so t h e i r  sequence i s  d is tu rb e d  a t  th e  
d e fe c t s i t e  a s  can be seen  in  F ig . 3-24.
(c) THE SAW-DAMAGE ON THE BACKSURFACE
The specim en s l i c e s  had been e tched  to  a dep th  o f  about 20 pm 
from th e  b ack su rface  o f  th e  (111) s u b s tr a te s  in  o rd e r  to  remove th e  
damage due to  saw ing. Most o f  th e  damage had been removed as  cou ld  be
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seen  in  th e  topograph o f  F ig . 3-25 produced by th e  111- r e f l e c t i o n ,  
showing th e  boundary between th e  e tched  and non-etched  s u b s t r a te .  On 
th e  non-e tched  s id e  o f  t h i s  boundary, a huge c lu s te r  o f  c o n tra s t  
c e n tre s  ( in  F ig . 3-25) and long s c ra tc h e s  ( in  F ig s . 3-22 and 3-23) 
could  be seen  v e ry  c le a r ly .  A chain  o f  such c o n tra s t  had been removed 
from th e  m iddle (marked A B on th e  m icrograph o f F ig . 3-23) . A nnealing 
has o r ig in a te d  some d is lo c a t io n  loops from th e  saw-damage as w e ll .
This em phasizes th e  need o f  d e ep -e tch in g  o f  th e  s u b s tr a te s  to  remove a l l  
th e  p o s s ib le  sou rces  o f  damage th a t  m ight s p o il  th e  perform ance o f  a 
d ev ice .
3- 8 DISCUSSION
. -  —  — i ■ #
The r e s u l t s  o f  th e  p rev io u s  s e c tio n s  have in d ic a te d  th e  im portance 
o f X -ray topography as a re s e a rc h  to o l  in  th e  s tudy  o f  s c r a tc h  damage.
The mechanism o f  d i f f r a c t io n  c o n t r a s t ,  by which a Lang topograph i s  
produced, makes i t  p o s s ib le  to  s tu d y  th e  n a tu re  o f  th e  r e s id u a l  s t r a i n  
f i e l d  round scratch-dam age on n ea r (111) S i .  I t  shows th a t  an in d e n ta ­
t io n  has a  com pressive zone underneath  th e  in d e n te r  t i p  where jg . u i s  
alw ays zero  so t h a t  a minimum c o n tra s t  i s  produced. But th e re  i s  a zone 
o u ts id e  t h i s  com pressive re g io n  where th e  d isp lacem ents a re  d ir e c te d  
r a d i a l l y  outw ards.
On th e  o th e r  hand, a s c ra tc h  made under a  s im ila r  load  produces 
a f i e l d  o f  r e s id u a l  s t r a in  which has i t s  m ajor components p a r a l l e l  to  
th e  s c r a tc h - le n g th  in s id e  th e  groove, and p e rp e n d icu la r  to  th e  s c r a tc h -  
le n g th  o u ts id e  i t .  F rank, Lang, Lawn and W ilks (1967) have shown th a t  
in  th e  case  o f  m ic roab rasions on a diamond s u rfa c e , th e  r e s id u a l  f i e l d  
o f  s t r a i n  i s  l im ite d  to  a th in  su rfa c e  la y e r  in  a  s t a t e  o f  com pression .
The r e s u l t s  o f  th e  p re s e n t work ag ree  w ith  th o se  o f  Frank e t  a l .  For 
th e  th ic k n e ss  o f  th e  c r y s ta l s  used (^280 ym a f t e r  e tch in g  o f f  about 20 ym), 
th e  y t ; s 1 f o r  Mq ka^ so th a t  no c o n tra s t  re v e r s a l  i s  observed  when g i s  
changed to  -£ . On th e  o th e r  hand, y t  -  4 f o r  Cu ka^ , so t h a t  anomalous
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a b so rp tio n  occurs  p roducing  prom inent c o n tra s t  e f f e c t s .  F ig . 3-26 
shows th e  s te reo -to p o g ra p h s  o f  th e  s c ra tc h e s  (o f  F ig . 3-16) produced 
by th e  s te r e o - r e f le c t io n s  220 and 220 u s in g  Cu ka^ r a d ia t io n .  Comparison 
o f  th e se  topographs shows th a t  a dark  c o n tr a s t  changes to  w hite  (and 
v ic e  v e rsa ) when g i s  changed to  -g .  In  f a c t  a p o s i t iv e  ( i . e .  dark) 
c o n t r a s t 'r e s u l t s  when g . u i s  p o s i t iv e .  This f u r th e r  im p lie s  th a t  in  
th e  dark  wings u i s  p a r a l l e l  to  jg, th e  two be in g  a n t i - p a r a l l e l  in  th e  
w hite  wing. This in d ic a te s  th a t  th e  wings a re  in  a  s t a t e  o f  com pression 
w ith  t h e i r  d isp lacem ent v e c to rs  d ire c te d  outw ards a long  th e  norm als to  
th e  s c ra tc h  le n g th .
The o b se rv a tio n s  show th a t  w id th  o f c o n tr a s t  round unannealed 
s c ra tc h e s  o f  2 gm were d e te c te d  in  th e  <112> d ir e c t io n s  in  th e  220- 
r e f l e c t i o n .  In c re a s in g  th e  in d e n te r  load  ra p id ly  in c re a s e s  th e  w idth  
o f  to p o g rap h ic  c o n tr a s t  u n t i l  th e  sense  e f f e c t  s t a r t s  ap p ea rin g  in  th e  
p a i r s  o f  <112>- s c ra tc h e s  made above 5 gm lo a d s . This i s  due to  th e  f a c t  
t h a t  th e  p ro p ag a tin g  c rack s  a s s o c ia te d  w ith  th e  [112] -  s c ra tc h e s  jo in  
to g e th e r  to  remove a ch ip  r e l ie v in g  th e  r e s id u a l  s t r a i n .  That i s  why 
th e  to p o g rap h ic  a n iso tro p y  seems a p p a re n tly  o p p o s ite  to  t h a t  o f  th e  
o p t ic a l  m icroscopy. A b ad ly  damaged [112]- s c r a tc h  th a t  shows huge 
c h ip - c a v i t ie s  s c a t te r e d  a l l  over i t s  le n g th  due to  removal o f  th e  
m a te r ia l  i s  l e f t  in  f a c t  in  a ’b e t t e r 1 s i tu a t io n  th an  i t s  c o u n te rp a r t ,  
th e  [112] -  s c ra tc h  bounded by c ra c k s , a  source  o f  to p o g rap h ic  c o n t r a s t .  
The u n re lie v e d  s t r e s s e s  o f  th e  [112]- s c ra tc h  produce a w ider s t r a in  
f i e l d  compared w ith  th a t  o f  th e  [112] -  s c r a tc h .
A nnealing o f  such specim ens r e s u l t s  in  r e la x a t io n  o f  th e  s t r a i n  
f i e l d  p roducing  d is lo c a t io n  lo o p s . The therm al s t r e s s e s  a a r i s in g  from 
th e  tem p era tu re - g ra d ie n ts  s e t  up in s id e  a c r y s ta l  d u ring  h e a tin g  o r  
c o o lin g  p ro cesses  can be e s tim a ted  by th e  r e l a t i o n  
a = aE AT
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where a and E a re  th e  c o - e f f ic ie n t  o f  therm al expansion and Young’s
modulus r e s p e c t iv e ly  (w ith  t h e i r  re s p e c tiv e  v a lu e  f o r  S i 4 X 10 ^ /° c  
12 2and 1 .9  X 10 dyne/cm ) and AT be in g  th e  tem peratu re  d if f e r e n c e .
( B il l in g  (1956), Penning (1958) and M orizane and Gleim (1969) ) .  
A lthough a la rg e  su rface -to -v o lu m e  r a t i o  fo r  th e  specimens (^7) 
ensures uniform  h e a tin g  o r c o o lin g , b u t a d if fe re n c e  o f  one o r  two
degrees may s t i l l  e x i s t  in  th e  specimen producing  a therm al s t r e s s  ^10
2 * dynes/cm . T his v a lu e  i s  much lower th an  th e  y ie ld  s t r e s s  c y  = 7 X 10
2 ©
dynes/cm a t  1000 C (P earson , Read and Feldman, (1957). Moreover 
th e  g e n e ra tio n  o f  d is lo c a t io n s  from <112>- sc ra tc h e s  (a lth o u g h  v e ry  
l i t t l e  movement o f  d is lo c a t io n s  tak es  p la ce  round [112] -  s c r a tc h e s ) , 
th e  <110>- s c r a tc h e s ,  a f a u l ty  s c r ib e  l in e  and Hie saw damage a t  th e  
sp ec im en-su rface  in d ic a te s  th a t  i t  i s  th e  su rfa ce  damage combined w ith  
th e  therm al p ro cess  th a t  g ives r i s e  to  th e  lo n g y x an g ed islo ca tio n  
movement.when th e  tem p era tu re  i s  r a is e d ,  th e  minimum sh ea r s t r e s s  fo r  
d is lo c a t io n  motion f a l l s ,  and th e  re s id u a l  s t r a in  f i e l d  r e la x e s  by 
e m ittin g  d is lo c a t io n s .  S im ila r  r e s u l t  has been re p o r te d  by Chandhury 
and Takei (1969) and Gerward (1970).
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TABLE I
D is lo c a tio n
c o n tra s t
P o ss ib le  b
11 111 1 11 111
111 In v is ib le  ± \ [llO ] ±1[101] ± i[011] 0 0 0
224 In v is ib le E lim in a te s  i i  and i i i 0 ±1 ±1
220 Double Image E lim in a tes  i i  and i i i ±2 ±1 ±1
202 V is ib le E lim in a tes  i i ±1 0 ±1
111 V is ib le E lim in a tes  i i i ±1 ± 1 0
111 V is ib le E lim in a tes  i i i ±1 ±1 0
111 V is ib le E lim in a tes  i i ±1 0 ±1
TABLE II
D is lo c a tio n
image
P o ss ib le  b £  • k
11 111 1 11 in
i l l  In v is ib le  ±i[OH] ±i[HO] ±i [10IJ 0 0 0
111 In v is ib le
202 V is ib le  w ith  
double images 
o f  d is lo c a t io n s  
from ( i )  s c r ib e  
l i n e ,  ( i i )  <110>> 
s c ra tc h e s .
± [ 101] ± ±1 ±2
220 V is ib le E lim in a tes  ( i i ) ±1 0 ±1
111 V is ib le E lim in a tes  ( i ) 0 ±1 ±1
111 V is ib le E lim in a tes  ( i i ) ±1 0 ±1
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£
111
220
111
202
111
TABLE I I I
D is lo c a tio n
image
P o ss ib le  b £  • £
i i  i n  l  i i  i n
I n v is ib le  ± |[1 1 0 ] ±J[101] ± | [ 0 l l ]  0 0 0
V is ib le E lim in a tes  i 0 ±1 ±1
V is ib le E lim in a tes  i i + 1 0  +1
V is ib le E lim in a tes  i i +1 0 +1
V is ib le E lim in a tes  i 0 +1 +1
(a) Experimental arrangement fo r  X-ray p ro je c t io n  
topography. C h a r a c te r i s t i c  X-rays are  em itted  from 
the  fo ca l  p o in t  F o f  the  e le c t ro n s  on the  t a r g e t .  
The system o f  s l i t s  c o l l im a te s  the  X-ray beam. 
The c r y s t a l  C Bragg ' r e f l e c t s '  the  X-rays in to  the 
s c i n t i l l a t i o n  counter SC s e t  a t  twice the  Bragg 
angle w ith  re sp ec t  to th e  d i r e c t  beam. L im iting  
s l i t  S2 p reven ts  the  d i r e c t  beam from reach in g  the 
re c o rd in g  p l a t e  P s e t  p e rp e n d icu la r  to  the  d i f f r a c ­
te d  beam.
F ig . 3-1
(b) The Jarrell-A sh  Lang camera ( in  th e  X -ray  
L aboratory o f  th e  E xperim ental S o l id  S t a te  P h y s ic s  
Group in  th e  P h y s ic s  Departm ent o f  S u rrey  U n iv e r s ity )  
used  du rin g  th e  p r e s e n t  work on X -ray topography o f  
s i l i c o n .
0 /
0 (ooo)
C o n stru c tio n  o f th e  Ewald sphere,, A v e c to r  CO is  
drawn p a r a l l e l  to  th e  in c id e n t  X -ray beam so th a t  
|CO| = |k Q| = 1/X, X be in g  th e  w avelength o f  the• M v  • ^
c h a r a c te r i s t i c  X -rays„ The end p o in t  0 i s  th e  o r ig in
o f  th e  re c ip ro c a l l a t t i c e .  Taking C as c e n tre , a 
sphere  drawn w ith  a ra d iu s  o f  (1/X) i s  th e  Ewald 
sp h ere .
sphere  6f  
ra d iu s  IkI : -o
about P
a-b ranch -b ran c ” g
-o
sphere o f  
ra d iu s  |k | = |k
about 0 "°
O(ooo)
F ig . 3-3
a -  and 3-  branches o f  th e  d is p e r s io n  su rfa c e  and th e  
v a rio u s  v e c to r s .a ss o c ia te d  w ith  th e  t i e  p o in ts .
68
sphere
about P
ga
oa
-o3
sphere  
about 0
F ig . 3-4
Enlargem ent o f  th e  a re a  in  th e  neighbourhood o f  C '.  
The sph eres  have been approxim ated to  s t r a ig h t  l i n e s .
S
-ge
-oa
-o
F ig . 3-5
G eom etrical r e p re s e n ta t io n  o f  th e  s e le c t io n  o f ' t i e  
p o in ts  f o r  a narrow beam o f  in c id e n t  X -rays. The 
d is ta n c e  AC i s  a measure o f  th e  d e v ia t io n  A9 from 
ex ac t s o lu t io n  o f  B ragg1s Law0 SS re p re se n ts  the  
tra c e  o f  th e  f re e  su rface ,,
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( i l l )
(111)
Figo 3-6
The cleavage and s l i p  p la n es  in  s i l ic o n ,,
weak
maximum
zero
(b)
zero
maximum
F ig . 3-7
R e la tiv e  v i s i b i l i t y  o f  d is lo c a t io n  images in  
d i f f e r e n t  r e f l e c t i o n s .
(a) screw d is lo c a t io n
(b) edge d is lo c a t io n
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[112]
[110]
Figo 3-8
Key to  F ig s0 3 -10 , 3 -12 , 3-16 , 3-17 , 3-18 and 3-26» 
The_scheme f o r  th e  s c ra tc h e s  made p a r a l l e l  to  th e  
[112] and th e  o p p o s ite  d i r e c t io n  under loads o f  20 gm 
(sc ra tc h e s  1 and 2) ,  10 gm (s c ra tc h e s  3 and 4) and 
5 gm (s c ra tc h e s  5 and 6 ) 0 The arrow -heads p o in t 
towards th e  d i r e c t io n s  o f  sc ra tch in g ,.
11
12
[112]
10
[110]
F ig , 3-9
Key to  FigSo 3-13 , 3 -14 , 3 -19 , 3-20 and 3-210 
The scheme f o r  th e  s c ra tc h e s  made p a r a l l e l  to  j 
th e  [110] and th e  o p p o s ite  d i r e c t io n  under loads 
o f  20 gm (sc ra tc h e s  7 and 8) ,  10 gm (s c ra tc h e s  
9 and 10) and 5 gm (s c ra tc h e s  11 and 12).» The 
arrow -heads p o in t  tow ards th e  d i r e c t io n s  o f  
sc ra tch in g o
F ig .  3-10 x 24
X-ray topograph o f  the  <112>- sc ra tc h e s  made under loads 
o f  20, 10 and 5 gm (F ig . 3-8 exp la ins  the  sense o f  
s c r a tc h in g ) . Note the  sense e f f e c t  in  the p a i r s  o f  10 
and 20 gm s c r a tc h e s ,  and the  width o f  the  s t r a i n  f i e l d .  
Also note  the l in e  o f  white c o n t ra s t  between the dark 
Twings’ .
g- v ec to r  h o r iz o n ta l  from l e f t  to  r i g h t .
Mo Ka, r a d ia t io n  used
Fig. 3-11 (a) x 48 (b)
(a) An o p t ic a l  micrograph o f  a [112]- s c ra tc h  showing 
la rge  c h ip - c a v i t i e s ,  one n ear  the  middle and the o th e r  
a t  the  leading-end o f  the  s c ra tc h .
(b) X-ray topograph o f  (a) a f t e r  h e a t in g  the specimen. 
Note the  abrupt shrinkage o f  the  re s id u a l  s t r a i n  f i e l d  
a t  the  p o s i t io n s  o f  the  ch ips.
g- v ec to r  h o r iz o n ta l  from r ig h t  to l e f t .
R ef lec t io n  220 Mo Ka  ^ r a d ia t io n  used
/z
Fig. 3-12 x 24
X-ray topograph o f  the<112>- sc ra tch es  o f  Fig. 3-10 
showing narrowing o f  the  c o n t ra s t  in  the wings o f  the 
s c ra tc h e s .  The g- v e c to r  i s  p a r a l l e l  to  the  sc ra tc h  
len g th .
g- v e c to r  v e r t i c a l  from top to bottom.
R ef lec t io n  111 Mo Ka  ^ r a d ia t io n  used
Fig. 3-13 x 24
X-ray topograph o f the  <110>-_scratches made under loads o f  
20, 10 and 5 gm. (F ig . 3-9 exp la ins  the  sense o f  s c r a tc h in g ) ,  
g- v ec to r  v e r t i c a l  from top to  bottom.
R ef lec t io n :  224 Mo Ka-^  r a d ia t io n  used
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Fig. 3-14 x 24
X-ray topograph o f  th e  sc ra tc h e s  o f  Fig. 3-13 showing 
a minimum c o n t ra s t  when the  r e f l e c t io n  v ec to r  i s  
p a r a l l e l  to  the  s c ra tc h  leng th , 
g- v e c to r  h o r iz o n ta l  from l e f t  to  r ig h t
R ef lec t io n :  220 Mo Ka^ r a d ia t io n  used
*» w  *»
[112]
»»
Fig. 3-15 x 24
X-ray topograph o f  the  in d e n ta t io n s  
produced under a range o f  load o f  20 gm 
(the  top row), 10 gm ( the  middle row) 
and 5 gm (the  bottom row). Note the 
l in e  o f  no c o n tra s t  i s  normal to the  
r e f l e c t i o n  v ec to r  in d ic a t in g  a r a d ia l  
component o f  s t r a i n .
g- v e c to r  h o r iz o n ta l  from l e f t  to r ig h t  
R ef lec t io n  220 Mo Ka  ^ r a d ia t io n  used.
(a) x 24
Fig. 3-16
(a) X-ray topograph o f  the  <112>- 
sc ra tch es  shown in  Fig. 3-10 a f t e r  
the  specimen was annealed a t  1000° 
fo r  30 minutes. Note the  d i s lo c a t io n  
loops have been generated  only from the  
20 and 10 gm sc ra tch es  produced in  the  
[112] d i r e c t io n .
g- v ec to r  h o r iz o n ta l  from l e f t  to  r i g h t .
R e f lec t io n :  220 
Mo Ka  ^ r a d ia t io n  used
(b) A sec t io n  topograph o f  th e  d i s l o ­
ca t io n  loops a sso c ia ted  w ith showing a 
[112] s c ra tc h  double images in d ic a t in g  
g . b value to be equal to  2. The 
topograph was produced under the  con­
d i t io n s  o u t l in e d  in  (a) above. 
M agnification  x 54
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Fig. 3-17 x Z4
X-ray topograph o f  th e  annealed <112>— sc ra tch es  
o f  Fig. 3-16 showing i n v i s i b i l i t y  o f  d is lo c a t io n  
loops.
g- v e c to r  v e r t i c a l  from bottom to  top . 
R ef lec t io n :  111 Mo Ka r a d ia t io n  used
Fig. 3-18 x 24
X-ray topograph o f  the  annealed <112>- sc ra tc h e s  
o f  Fig. 3-16 showing the  s t r a i g h t  d is lo c a t io n  
l in e s  i n v i s i b l e .
R ef lec t io n :  111
Mo Ka^ r a d ia t io n  used
wlHF#ins^, -  f) i m m liiii#
4 M M V ' M  H i  _ ^ _
Fig. 3-19 x 24
X-ray topograph o f  the <ll0>- sc ra tc h e s  o f  Fig.
3-13 a f t e r  the  specimen was annealed a t  1000° C 
f o r  30 minutes. The open-loop segments i n t e r ­
s e c t in g  the f ree  su rface  are g l id in g  on in c l in e d  
s l i p  p lan es .
g- v ec to r  h o r iz o n ta l  from l e f t  to  r ig h t .
R ef lec t io n :  220 Mo Ka1 ra d ia t io n  used
’■■i
j H H  >r 1 lf r  " t- f f c
Fig. 3-20 x 24
X-ray topograph o f  the <110>- sc ra tch es  o f  Fig.
3-19 showing i n v i s i b i l i t y  o f  d is lo c a t io n  loop 
segments a s s o c ia te d  w ith  the [110]- s c ra tch es  
and h a lf - lo o p  a s so c ia te d  w ith the  [110]- sc ra tc h e s
R ef lec t io n :  111 Mo Ka  ^ r a d ia t io n  used
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J. .,1 , ■ M .  IJL-'  J f e w  lU fi-CL-
Fig. 3-21 x 24
X-ray topograph o f  the  < l l0 > - -s c ra tc h e s  o f  Fig.
3-19 showing i n v i s i b i l i t y  o f  loop-segments 
a s so c ia te d  w ith  the [111]- s c ra tc h e s .
R ef lec t io n  111 Mo r a d ia t io n  used
Fig. 3-22 x 24
X-ray topograph showing d i s lo c a t io n  punch out 
from a s c r ib e  l in e .  The specimen was annealed 
a t  1000* fo r  30 minutes.
R ef lec t io n :  202 Mo Ka  ^ r a d ia t io n  used
78
* ’■<-
Fig. 3-23 x 24
X-ray topograph o f  the  f a u l ty  s c r ib e  l in e  o f  Fig.
3-22 showing i n v i s i b i l i t y  o f  d is lo c a t io n s .
R ef lec t io n :  111 Mo Ka^ ra d ia t io n  used
Fig. 3-24 x 100
X-ray topograph o f  a tapered  s e c t io n  o f  a s i l i c o n  
c r y s ta l  showing Pendellosung f r in g e s .  Their  
sequence has been d is tu rb e d  a t  the p o s i t io n  o f  a 
d e fe c t .
R ef lec t io n  I I I  Mo Ka  ^ r a d ia t io n  used
Fig. 3-24 x 24
X-ray topograph o f  th e  saw damage on the back 
su rface  o f  the deep-etched (111) Si s u b s t r a te s  
used during the p re se n t  work.
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(a)
- 9
Fig. 3-26 (b) x 24
X-ray topographs o f  th e  <112>- sc ra tch es  o f  
Fig. 3-10 showing c o n t r a s t  e f f e c t s  when cu Ka  ^
r a d ia t io n  i s  used ._  Note how the c o n tra s t  
changes when g (= 220_for the  topograph (a) ) 
i s  changed to -g  (= 220 fo r  topograph (b) ) .
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CHAPTER 4
TRANSMISSION ELECTRON MICROSCOPY ,
E le c tro n  m icroscopy has proved to  be a v e ry  e f f e c t iv e  to o l  fo r  
s t r u c tu r a l  s tu d ie s  o f  m a te r ia ls .  The d i f f r a c t io n  p a t te r n s  and m icroscope 
images o b ta in ed  from th e  same a re a  o f  a specimen p ro v id e  u s e fu l 
in fo rm atio n  about th e  n a tu re  o f th e  v a rio u s  s t r u c tu r a l  f e a tu re s  p re se n t 
along  w ith  t h e i r  o r ie n ta t io n  r e la t io n s h ip s .  D esp ite  th e  d i f f i c u l t y  o f  
specimen p re p a ra t io n  th e  b eau ty  o f  th e  tra n sm iss io n  te ch n iq u e  i s  t h a t  
th e  r e s u l t s  ob ta in ed  a re  v is u a l  and conv incing .
4t1 THE ELECTRON MICROSCOPE f
Most o f  th e  work in  t h i s  p ro je c t  was done u s in g  a JEM 120 e le c tro n  
m icroscope equipped w ith  th e  f a c i l i t y  o f  an a c c e le ra t in g  v o lta g e  o f  120 kV*. 
The h ig h e r  a c c e le ra t in g  v o lta g e  i s  u se fu l because o f  th e  r e s u l t in g  
enhanced t r a n s m is s ib i l i ty  so t h a t  com parative ly  th ic k e r  specim ens can 
a lso  be examined. The m icroscope has an a n ti-c o n ta m in a tio n  s ta g e  to  
reduce  th e  specimen con tam ination  du rin g  u se . A range o f  m a g n ific a tio n s  
between 600 X and 200,000 X could be d i r e c t l y  o b ta ined  a t  th e  o p e ra tin g  
v o lta g e  o f  120 kV. The t r a n s la to r y  jnovement o f  th e  specimen in  X- and 
Y- d i r e c t io n s  p e rp e n d ic u la r  to  th e  in c id e n t e le c tro n  beam cou ld  be made 
in  th e  m icroscope. The most u se fu l f a c i l i t y  was th e  t i l t i n g  s ta g e  o f  th e  
m icroscope c o n s is t in g  o f  a goniom eter f o r  t i l t i n g  th e  specimen th rough  
30° about a h o r iz o n ta l  a x is  and azim uthal r o ta t io n  o f  th e  specimen 
su rfa c e  normal about th e  beam th rough  360°. The specim en h o ld e r  
c o n s is te d  o f  th e  main body and a specimen h o ld e r cap . The specimen cap
* O c ca ss io n a lly  th e  JE0L- 100 B e le c tro n  m icroscope in  th e  S .S .U . in  
th e  M eta llu rgy  Department was a ls o  used which makes u se  o f  an a c c e le r a t in g  
v o lta g e  o f  100 kV, has a beam t i l t i n g  f a c i l i t y  fo r  dark  f i e l d  im ages, a 
t i l t i n g  s tag e  fo r  t i l t i n g  th e  specimen th rough  ±30° w ith  a 360° az im u thal 
r o ta t io n  and an a n ti-c o n ta m in a tio n  s ta g e .
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w ith  a specimen in  i t  was a tta c h e d  to  th e  body-and in s e r te d  in  th e  m icro­
scope by a hooked rod th a t  c lasped  th e  upper p a r t  o f th e  body v ia  an a i r  
lo c k .
4-2 THE SPECIMEN PREPARATION
The specim en s iz e  re q u ire d  was a 3 mm d is c  (w ith  a th in  re g io n  fo r  
e le c tro n  tra n sm iss io n ) to  f i t  in  th e  specimen h o ld e r . The n e a r  (111) 
p o lish e d  s i l i c o n  s u b s t r a te  was s tu c k  on a g la s s  s l id e  w ith  m olten  d e n ta l -  
wax. The d is c s  were trep an n ed  by an u l t r a s o n ic  d r i l l .  A f te r  c le a n in g ,
th e  p o lish e d  su rfa c e  was g iven  a c o n tro l le d  p a t te r n  o f  damage in  th e  form
o f  s c ra tc h e s  o r  in d e n ta tio n s  w ith  th e  V ickers diamond pyramid o f  th e
sc ra tc h in g  m achine. The loads on th e  in d e n te r  ranged from 10 gm down to
9 . ’
0 .3  gm. The p o lish e d  s u rfa c e  (w ith  th e  induced damage on i t  t h i s  tim e) 
was co a ted  w ith  F o r to la c  and th e  d is c s  were s tu ck  w ith  th e  p o lish e d  s id e  
down to  th in  down from th e  o th e r  s id e  on a p o lis h in g  machine [F ig . 4 -1 ] .  
The p o lis h in g  machine c o n s is te d  o f  a sm all e l e c t r i c  motor f o r  r o ta t in g  a 
specim en-d isc  sy m m etrica lly  about an o b liq u e  a x is  a t  a  c o n s ta n t speed . A 
j e t  o f  4 :1  HNO^HF m ix ture  o f  a c id s  d ripped  from a j e t  c e n t r a l l y  on to  th e  
r o ta t in g  d is c  th in n in g  i t  down w hile  p o lis h in g . A l i g h t  so u rce  d ire c te d  
tow ards th e  specimen helped  to  guess i t s  th ic k n e s s . The specim en was 
removed im m ediately  when th e  p u rp le  co lo u r o f th e  F o r to la c  cou ld  be seen  
th rough . An in te r e s t in g  o b se rv a tio n  was th e  enhanced r e a c t io n  o f  th e  
e tc h a n t as th e  specimen th ic k n e ss  d ecreased ; p robab ly  because  o f  th e  
p ro x im ity  o f  th e  d e fe c t iv e  re g io n s . Sometimes i t  led  to  u n d e s ira b le  
h o le s  in  th e  specim en. The aim was to  p rep a re  a f o i l  a s  th in  a s  p o s s ib le  
and y e t c o n ta in in g  a l l  th e  induced damage, which was o b v io u sly  v e ry  
t r i c k y .
4-3  DIFFRACTION CONTRAST
I t  i s  w ell e s ta b lis h e d  th a t  an image produced in  a m icroscope i s  
due to  d i f f r a c t i o n  e f f e c t s .  D efects l ik e  d is lo c a t io n s  a re  seen  in  an 
e le c tro n  m icroscope by d i f f r a c t io n  c o n t r a s t .  The mechanism o f  d i f f r a c t i o n
c o n tr a s t  (shown in  F ig . 4-2) depends on th e  spacing  o f  th e  l a t t i c e  
p lan es  and hence on th e  correspond ing  Bragg a n g le s . The alm ost 
p a r a l l e l  in c id e n t  e le c tro n  beam i s  s c a t te r e d  in  th e  specim en acco rd in g  
to  th e  Bragg Law producing  two (o r more) Bragg d i f f r a c te d  beams t r a v e l l in g  
a t  a  sm all ang le  (^1°) w ith  th e  in c id e n t beam. The d i f f r a c te d  beams 
a re  focussed  by th e  o b je c t iv e  in  i t s  back fo c a l p lan e . In  o rd e r  to. 
re s o lv e  a p e r io d ic  s t r u c tu r e  o f  spacing  d , th e  f i r s t  o rd e r  d i f f r a c te d  
beam must e n te r  th e  a p e r tu re  a so th a t  20^ < a . With a p e r f e c t  
o b je c t iv e  le n s ,  c r y s ta l  l a t t i c e  p la n es  can be re so lv ed  by a llo w in g  a l l  
th e  d i f f r a c te d  beams to  reach  th e  f in a l  image and in t e r f e r e  acco rd ing  
to  Abbe!s Theory (Jenk ins and White 1951). However, t h i s  id e a l  i s  n o t 'f
ach ieved  in  th e  e le c tro n  m icroscope because so f a r  la rg e  a p e r tu re
system s cannot be made. The p re se n t day o p t ic a l  system  in  th e  m icroscope
-2 -3makes use o f  sm all a p e r tu re s  (^10 to  10 r a d ia n s ) . In  d es ig n in g  such 
o p t ic a l  system s th e  aim i s  to  minimize th e  im portan t so u rces  o f  e r r o r ,  
nam ely, d i f f r a c t io n  e r r o r ,  s p h e r ic a l  a b e r ra t io n ,  a stig m atism  and chrom atic  
a b e r r a t io n .
When th e  a p e r tu re  does n o t allow  th e  Bragg r e f l e c t io n s  to  p a ss  
th rough  to  th e  f i n a l  image, a 1 B righ t F ie ld  Image* Is  produced (F ig .
4 -2 a ) . Thus th e  b r ig h t  f i e l d  image i s  produced by th e  d i r e c t  beam and 
th e  low ang le  i n e l a s t i c  s c a t te r in g  o f  e le c tro n s .  On th e  o th e r  hand, i f  
th e  a p e r tu re  i s  moved o r th e  beam i s  t i l t e d  so th a t  th e  a p e r tu re  p a sse s  
one o f  th e  d i f f r a c te d  beams to  form th e  image, a  'Dark F ie ld  Image' 
i s  produced (F ig . 4 -2 b ) . In  b o th  cases  o f  image fo rm atio n , th e  c o n tr a s t  
i s  produced by th e  d if fe re n c e  in  i n t e n s i t i e s  o f  th e  e le c tro n s  s c a t te r e d  
in to  th e  Bragg r e f le c t io n s  from th e  v a rio u s  p a r t s  o f  th e  specimen and 
i s  consequen tly  c a l le d  " D if f r a c t io n  C o n tra s t" . High c o n t r a s t  r e s u l t s  
when th e  atom ic s c a t te r in g  f a c to r  i s  la rg e ,  th e  beams- a re  s c a t te r e d  a t  
th e  Bragg an g le  and th e  beam d ivergence  i s  a  minimum.
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4-4 CAMERA CONSTANT OF THE JEM 120 ELECTRON MICROSCOPE
E lec tro n  d i f f r a c t io n  p a t te rn s  can e a s i ly  be indexed when th e  zone
laws governing a c r y s ta l  a re  a p p lie d . Sometimes th e  knowledge o f  th e
camera c o n s ta n t o f  th e  in s tru m en t i s  u se fu l in  th i s  co n n ec tio n . In  o rd e r
to  determ ine th e  camera c o n s ta n t o f  th e  e le c tro n  m icroscope, a th in  f ilm
o f  aluminium was evaporated  and d i f f r a c t io n  r in g s  were o b ta in e d .
Aluminium has F.CoC. s t r u c tu r e  and th e  in te rp la n a r  d is ta n c e  =
 a______ ’
(h2 + k2 +Jl2)i*  a b e in g  t i^e edge o f  cub ic  u n i t  c e l l .  F ig . 4 -3  shows 
th e  p r in c ip le  o f  e le c tro n  d i f f r a c t io n .  When th e  Bragg ang les a re  sm all 
(as  in  TEM 0B ^  1 ° ) , th e  Bragg law 2 ^  S in0B h u  -  2dhk(, 0^  = X.
From th e  geometry o f  f ig u r e ,  th e  camera c o n s ta n t
i T J r ^hk£ ^
■ X L " . d h k i x ( T - J
where i s  th e  d iam e te r o f  th e  r in g  correspond ing  to  th e  h k £ - r e f le c t io n .
Since th e  r e f le c t io n s  fo r  an F.C .C. c r y s ta l  a re  allow ed on ly  i f  th e  M ille r  
in d ic e s  o f  th e  r e f l e c t in g  p la n es  a re  a l l  even o r a l l  odd, th e  r in g s  
correspond  to  th e  111, 200, 220, 311, 222 e t c . ,  r e f l e c t io n s  w ith  t h e i r  
r a d i i  p ro p o r tio n a l to  /3 ,  v^ T, /§", /IT , v'TJ e tc .  Using th e  ex p erim en ta l 
v a lu es  o f  th e  d iam eters  in  th e  l a s t  e q u a tio n , th e  v a lu es  o f  XL c a lc u la te d  
f o r  th e  (111), (200), ;(220), (311) and (222) p lan es  a re  r e s p e c t iv e ly  
25 .55 , 24 .80 , 24 .69 , 24.71 and 24.69 ^mm.
T h e ir average v a lu e  i s
(AL)ay = 24.68 8  mm 
4-5 STEREOMICRQGRAPHY
The th re e  d im ensional c h a ra c te r  o f  any c r y s ta l l in e  f e a tu r e  may be 
l o s t  com pletely  in  an image which re p re s e n ts  a  two d im ensional p r o je c t io n  
o f  th e  s t r u c tu r e .  As d e sc rib e d  in  C hapter 3, r e l a t i v e  p o s i t io n s  o f  
d is lo c a t io n s  in  th re e  dim ensions can be o b ta ined  u s in g  X -ray topography  
as suggested  by Lang (1959) by ta k in g  s te ro -m ic ro g rap h s  produced by an 
hk£zand th e  co rrespond ing  hk£ r e f l e c t io n s .  U n fo rtu n a te ly  t h i s  non­
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d e s tru c t iv e  tech n iq u e  (which d e a ls  w ith  f a i r l y  th ic k  c r y s ta l s )  i s  
l im ite d  to  low d is lo c a t io n  d e n s i t ie s  because o f  poor r e s o lu t io n  
compared w ith  th a t  o f  an e le c tro n  m icroscope. S ince th e  Bragg Angles 
fo r  low o rd e r r e f le c t io n s  in  TEM a re  sm all (^ 1 ° ) , th e  p r in c ip le  
d e sc rib e d  by Lang cannot be extended to  i t ,  (even a f t e r  ig n o rin g  th e  
c o n tra s t  .e f fe c ts  due to  a b s o r p t io n ) . M oreover, th e  image produced from 
a c r y s ta l l in e  specimen i s  s tro n g ly  o r ie n ta t io n  dependent, so t h a t  th e  
s tan d a rd  method o f  p roducing  sterom icrog raphs cannot be a p p lie d . This 
d i f f i c u l t y  can be overcome i f  th e  a x is  o f  t i l t  i s  chosen so as to  
c o in c id e  w ith  th e  normal to  th e  r e f l e c t i n g  p lan e  ( i . e . ,  p a r a l l e l  to  
th e  r e f l e c t i o n  v e c to r ,  g ) . Each m icrograph o f  a  s te r e o  p a i r  i s  th en
9 '
produced by th e  same r e f l e c t io n  b u t a t  a d i f f e r e n t  t i l t  a n g le . A 
conven ien t way o f  c o n tro l l in g  th e  t i l t  ang le  i s  to  make u se  o f  th e  
K ikuchi l in e  p a t te r n ,  i f  p o s s ib le .  The p r in c ip le  o f  th e  method i s  
i l l u s t r a t e d  sch e m a tic a lly  in  F ig . 4-4 fo r  a s tro n g  h k £ - r e f le c t io n  to  
occur ( th e  w ell known two beam s i t u a t io n ) .  The n ecessa ry  c o n d itio n  i s  
th a t  th e  param eter s , th e  d is ta n c e  between th e  r e c ip ro c a l  l a t t i c e  p o in t  
and th e  o p e ra tiv e  d i f f r a c t i o n  v e c to r , g ,  to  th e  Ewald sp h e re , i s  z e ro ,
i . e . ,  hk il-spo t should  l i e  on th e  hkJl K ikuchi l in e  (b r ig h t  one) w ith  
th e  d i r e c t  beam spo t ly in g  on th e  dark  hEE l in e  as shown in  F ig . 4 -4 a .
When th e  specimen i s  t i l t e d ,  th e  sp o ts  s tan d  f ix e d  in  p o s i t io n s  w hereas 
th e  K ikuchi l in e s  move as though th e y  a re  r i g i d ly  a tta c h e d  to  th e  c r y s t a l .  
The t i l t  i s ,  th e r e f o r e ,  c o n tro lle d  so th a t  th e  K ikuchi l in e  p a t t e r n  moves 
along th e  d i r e c t io n  AB (F ig . 4-4b) so th a t  th e  c e n tr a l  000 and th e  
d i f f r a c te d  hk& sp o ts  a re  m ain ta ined  on th e  hRI and hk& l in e s  r e s p e c t iv e ly  
as b e fo re . A s tro n g  s te re o sc o p ic  e f f e c t  can be ach ieved  i f  th e  two 
m icrographs o f  a  s te r o p a i r  a re  produced w ith  a t i l t  d if f e r e n c e  o f  a t  
l e a s t  5 d eg rees .
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4-6 TRANSMISSION ELECTRON MICROSCOPY OF SCRATCHES AND INDENTATIONS
R e la t iv e ly  l i t t l e  i s  known about th e  mechanism o f  wear in  co­
v a le n t  c r y s ta l s .  S i l ic o n  s u b s tr a te s  p la y  a v e ry  im p o rtan t r o le  in  th e  
sem i-conducto r d ev ice  technology  where a  damage f r e e  s u r fa c e  i s  o f  
prim e im portance. The su rfa c e  damage, du rin g  v a rio u s  s ta g e s  o f  s l i c e  
p re p a ra t io n , e . g . ,  c u t t in g ,  g rin d in g , a b ra s io n , e t c . ,  occu rs  e i th e r  by 
r o l l i n g  p a r t i c l e s  o r s l id in g  o f  th e  f ix e d  a b ra s iv e s . The in d e n ta t io n  
t e s t  p ro v id es  a c o n tro lle d  model o f  th e  fo rm er, s c ra tc h in g  o f  th e  l a t t e r .
A sharp  in d e n te r  used in  th e  in d e n ta tio n  t e s t  has th e  e f f e c t  o f  c o n cen tra ­
t in g  v e ry  h igh  le v e ls - t> £ * s tre s s , in  p a r t i c u l a r  sh ea r and h y d ro s ta t ic
9 ’
com pression. Thus th e  mean p re s su re  o f  th e  H ertz  th e o ry  m ight reach  
v a lu es  as h igh  as one te n th  o f  an e l a s t i c  modulus im plying th a t  th e  bond 
s tr e n g th  o f  th e  l a t t i c e  m ight be exceeded lo c a l ly ,  r e s u l t in g  in  c o lla p se  
o f  th e  l a t t i c e  g iv in g  way to  i r r e v e r s ib le  defo rm ation  in  th e  lo c a l iz e d  
re g io n  o f  th e  specimen su rfa c e . But th e  q u e s tio n  w hether th e  d is lo c a t io n  
m otion in  diamond s t r u c tu r e  c r y s ta l s  can occur a t  room tem p era tu re  seems 
s t i l l  unso lv ed . R ecen tly  i n t e r e s t  has been aroused  in  th e  s tu d y  o f  
in d e n ta tio n  induced c rack in g  to  p ro v id e  a b a s is  f o r  th e  s t r e n g th  o f
m a te r ia ls  (Frank e t  a l  (1966 ,67); Swain e t  a l  (1974) M en d ire tta^  Petw'10-^976'*
(ms)  ((qj6^7%)
Swain and Hagan*; Evans and Wilshawj; Lawn and co-w orkers (1975,76)
B adrick e t  a l  (1977) ) .  At lower le v e ls  o f  lo a d , where c ra ck in g  i s  n o t
a dominant f e a tu r e ,  p l a s t i c  defo rm ation  occurs due to  e n t i r e ly  d i f f e r e n t
re a so n s . The d if fe re n c e  in  e l a s t i c i t y  between th e  in d e n te r  and th e
specimen i s  one o f  th e  most im p o rtan t f a c to r s  (Johnson e t  a l ,  (1973) ) .
Under th e  a c t io n  o f  mutual p re s su re  th e  c o n ta c t s u rfa c e s  o f  b o th  in d e n te r
and th e  specimen mpve ta n g e n t ia l ly  inw ard. I f  th e  in d e n te r  i s  o f
d i f f e r e n t  m a te r ia l from th a t  o f  th e  specim en l ik e  diamond (v = 0 .33 )
on s i l i c o n  (v = 0 .2 6 ) ,  t h i s  ta n g e n t ia l  s l i p  (which i s  in  f a c t  p ro p o r t io n a l
to  t h e i r  re s p e c tiv e  v a lues o f  (l-2v /G ) w i l l  be r e s t r i c t e d  by th e  lo c a l
f r i c t i o n .  This w i l l  s e t  up f r i c t i o n a l  t r a c t io n s  a t  th e  in t e r f a c e  which 
w i l l  a c t  r a d i a l l y  outw ard (o r inward) fo r  more com pliant (o r r ig id )  
s u r fa c e . As a r e s u l t  th e  r a d ia l  t e n s i l e  s t r e s s  o f th e  H ertz  th e o ry  w i l l  
be m odified . A s p e r i t ie s  a t  th e  c o n ta c tin g  su rfa ce s  r e p re s e n t  y e t an o th er 
im p o rtan t f a c to r  because i t  can d i r e c t l y  a f f e c t  th e  lo c a l  v a lu es  o f  
f r i c t i o n  a t  th e  c o n ta c t p o in t and a lso  have th e  a f f e c t  o f  m odifying th e  ' 
r a d ia l  s t r e s s  d i s t r ib u t io n  o f  th e  H ertz th e o ry  (Greenwood and Tripp (1967) ) .  
4 -6-1  TRANSMISSION ELECTRON MICROSCOPY OF INDENTATIONS
I t  should  be emphasized a t  th e  o u ts e t  t h a t  th e  d i f f r a c t i o n  c o n d itio n s  
were g e n e ra l ly  s a t i s f i e d  o n ly  in  one p a r t  o f  th e  in d e n ta tio n  mark so t h a t  
th e  image on th e  sc reen  was sharp  only  on t h i s  s id e . T his was p a r t i c u l a r ly  
t r u e  fo r  in d e n ta tio n s  (and s c ra tc h e s )  made under h e a v ie r  lo a d s . This was 
obvious from th e  f a c t  th a t  th e  reg io n s  o f  th e  specimen d e f in in g  an 
im pression  had been d i r e c t l y  in  c o n ta c t w ith  th e  loaded in d e n te r .  As a 
r e s u l t  th e  c r y s ta l  l a t t i c e  was d is o r ie n te d  n e a r  th e  c r a te r  g iv in g  r i s e  
to  th e  observed  uneven d i f f r a c t io n ' c o n tr a s t .
The g en e ra l c h a r a c te r i s t i c s  o f  an in d e n ta tio n  can be seen in  
F ig . 4-5 o f  a  c r a te r  produced under a load  o f  2g m . The image was 
produced by th e  2 2 0 - re f le c t io n .  The ve ry  f i r s t  s t r ik in g  f e a tu re  was 
th a t  th e  in d e n ta tio n  mark c o n s is te d  o f  d is c r e te  a re a s  o f  perm anent 
damage. T his was most p robab ly  due to  th e  rough in d e n te r  s u r fa c e  so 
th a t  th e  s c a t te r e d  'm ic ro in d e n ta tio n s 1 o f  th e  im pression  corresponded  
to  th e  a s p e r i t i e s .  The i r r e g u la r  dark  p a tch es  o f  c o n tra s t  d e f in in g  th e  
im pression  were th e  second im p o rtan t f e a tu r e .  I f  th e  specim en was 
t i l t e d  in  th e  m icroscope, th e  i r r e g u la r  dark p a tch es  changed t h e i r  
c o n tra s t  w ith  a change in  d i f f r a c t i o n  c o n d itio n s  so as to  su g g est th a t  
th ey  were produced by some k ind  o f  d i f f r a c t io n  mechanism.
The d i s c r e te  a re a s  o f  perm anent defo rm ation  seemed to  be v e ry  
s e n s i t iv e  to  th e  load  on th e  in d e n te r .  They became le s s  w e ll d e f in e d  i f  
th e  in d e n te r  was loaded under le s s  th a n  1 gm. The in d e n ta t io n  mark o f
F ig . 4-6 was produced under a load  o f  0 .3  gm. (This m icrograph was a lso  
produced by th e  220 - r e f l e c t i o n ) .  The fe a tu re s  o u tlin e d  above could  
be seen v e ry  c le a r ly .  The d i r e c t  comparison o f  th e se  two m icrographs 
confirm ed th e  view th a t  th e  in d e n te r  su rfa c e  was ve ry  rough indeed  on 
a m ic ro sca le . A second rea so n a b le  con clu sio n  could be drawn, namely, an 
in c re a s e  in  th e  in d e n te r - lo a d  r e s u l t s  in  th e  expansion o f  p re v io u s ly  
e x is t in g  c o n ta c t sp o ts  a t  th e  in te r f a c e  which most p ro b ab ly  correspond  
to  th e  a s p e r i t i e s  on th e  in d e n te r  su rfa c e .
The m icrographs o f  F ig . 4-5 and 4-6 re v e a le d  on ly  zones o f  lo c a l iz e d  
defo rm ation  w ith o u t any s ig n  o f  c rack in g  o r  ch ip p in g . The f r i c t i o n a l  
t r a c t io n s  g en era ted  a t  th e  in te r f a c e  seemed to  p la y  a v e ry  im p o rtan t r o le
t
in  producing  th e se  th in  la y e r s  o f  p l a s t i c  defo rm ation . The p a tch es  o f
dark  i r r e g u la r  c o n tra s t  produced by th e se  f r i c t i o n a l  t r a c t io n s  were
most p robab ly  ag g reg a te s  o f  u n reso lved  d is lo c a t io n s .  F ig . 4-7  o f  an
in d e n ta t io n  c r a te r  produced under 3 gm load  p rov ided  a good exam ple. The
shape o f  t h i s  in d e n ta tio n  mark was d i f f e r e n t  from th e  p rev io u s  ones
because th e  in d e n te r  was in c id e n t s l i g h t l y  o f f  (^2° )  normal to  th e
specimen s u rfa c e . E x tensive  p l a s t i c  flow  sp read ing  a l l  over th e  c r a t e r
cou ld  be seen v e ry  c l e a r ly .  In  some reg io n s  in d iv id u a l d is lo c a t io n s  cou ld
be re so lv e d  w h ile  in  o th e r  p a r t s  th e  un reso lv ed  d is lo c a t io n  ag g reg a te s
appear in  th e  form o f  f a m il ia r  i r r e g u la r  p a tch es  o f  c o n tr a s t .  A ta n g le
10 -2o f  d is lo c a t io n s  a t  a  v e ry  h igh  d e n s ity  (^10 mm ) seemed to  be 
c h a r a c te r i s t i c  o f  th e  room tem peratu re  defo rm ation .
The e f f e c t  o f  in c re a s in g  th e  load  on th e  in d e n te r  appeared  in  th e  
form o f  an en la rg ed  deform ation  zone. B esides d is lo c a t io n  netw orks, 
c rack in g  and ch ipp ing  a lso  s ta r te d .  An in d e n ta tio n  mark showing such 
fe a tu re s  i s  shown in  F ig . 4-8 produced under a  10 gm lo ad . The c e n t r a l  
re g io n  o f  th e  im pression  be ing  d eeper, had been p e r fo ra te d  d u rin g  
p o lis h in g , b u t th e  neighbouring  th in  a re a s  re v e a le d  a h igh  d e n s i ty  o f  
d is lo c a t io n  netw orks (marked D on th e  m icrograph). The c o n tr a s t
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c h a r a c te r i s t i c  o f  c rack in g  could  be seen  a t  reg io n s  marked C. The most 
i n te r e s t in g  o f  th e  f e a tu re s  was th e  f r in g e  c o n tr a s t  in  a fan -shaped  
re g io n  form ing a boundary o f  th e  c r a t e r .  These f r in g e s  a re  produced 
because o f  th e  1 e x t in c t io n f phenomenon as exp la in ed  in  s e c t io n  3. Thus 
i t  seemed a s  i f  th e  system  o f  f r in g e s  re p re se n te d  th e  fta p e r e d f 
s e c tio n s  -of a c a v ity  produced by th e  rem oval o f  a r e l a t i v e l y  b ig  ch ip  
during  lo ad in g -u n lo ad in g  cy c le  o f  th e  in d e n ta tio n  p ro c e s s . This c h ip -  
c a v ity  c lo s e ly  resem bled th o se  r e s u l t in g  from l a t e r a l  v e n t fo rm ation  
d e sc rib e d  in  C hapter 2 . The co n to u rs  o f  equal phase (which a re  a lso  a 
m easure o f  dep th  o f  th e  c a v ity  in  term s o f  th e  e x t in c t io n  d is ta n c e  
co rrespond ing  to  th e  o p e ra tiv e  r e f le c t io n )  showed a l i n e  of, m is-m atch 
AB. This l in e  o f  m is-m atch was s im ila r  to  th e  one a s s o c ia te d  w ith  th e  
in te r f e re n c e  f r in g e s  round an in d e n ta tio n  mark produced under a h e a v ie r  
load  [F ig . 2 - l ( | . Thus th e  l in e  o f  m is-m atch was p robab ly  a c rack  runn ing  
in to . t h e  specimen l ik e  a median v en t which a re  g e n e ra lly  formed d u rin g  
lo ad in g  h a1f - eyePe p r o p a g a t e  r a d i a l l y  outw ards and h e a l up co m p le te ly  
on un load ing  i f  th ey  a re  n o t kep t wedged open by d e b r is .
The specim en from which F ig . 4-6 o f  th e  in d e n ta t io n  under 0 .3  gm , 
was produced, was removed from th e  m icroscope and r e in s e r te d .  During t h i s  
changing p ro cess  s l i g h t  h an d lin g  damage o c cu rred . R e-exam ination  o f  th e  
same a re a  p re sen te d  a v e ry  in te r e s t in g  s i t u a t io n .  R e la t iv e ly  la rg e  
polygonal d is lo c a t io n  loops were gen era ted  from th e  s u rfa c e  damage as 
shown in  F ig . 4 -9 . The la r g e s t  o f  th e  loops (numbered 2 in  F ig . 4 -9c) 
appeared to  have moved on a s l i p  p lan e  in c l in e d  to  th e  f r e e  s u r fa c e . A 
c a re fu l exam ination  o f  th e  same a re a  under d i f f e r e n t  r e f l e c t io n s  re v e a le d  
th a t  t h i s  loop had i t s  Burgers v e c to r  p a r a l l e l  to  th e  [O il] which was 
a lso  th e  v e c to r  fo r  th e  curved d is lo c a t io n  l i n e  o r ig in a t in g  from th e  
p a tch  o f  damage a t  th e  to p  o f  th e  m icrograph . The la rg e  h a l f  loops a t  
th e  bottom  o f  th e  m icrograph (numbered 4) seemed to  have moved p a r a l l e l  
to  th e  f r e e  su rfa c e  w ith  t h e i r  Burgers v e c to r  p a r a l l e l  to  th e  [101] in
th e  ( H I )  p la n e . A fo u r th  d is lo c a t io n  loop (marked 5) was in v is ib le  in  
th e  202 r e f l e c t io n  ( in  which th e  s te r e o p a i r  o f  F ig . 4-10b was produced) 
im plying th a t  i t s  Burgers v e c to r  was p a r a l l e l  to  th e  [101] d i r e c t io n .
These m icrographs showed v e r y .c le a r ly  th e  e f f e c t  o f  a c c id e n ta l  h an d lin g  
s t r e s s e s  on a th in  specimen f o i l .  The e f f e c t  appeared in  th e  form o f  
g e n e ra tio n  and movement o f  d is lo c a t io n  loops a t  th e  s l i g h t e s t  su rfa c e  
damage even a t  room tem p era tu re .
The in d e n ta tio n  c r a te r  o f  F ig . 4-10 produced under a load  o f  
2 gm p rov ided  a m u ltitu d e  o f  in te r e s t in g  f e a tu r e s . Exam ination o f  t h i s  
specimen re v e a le d  a group o f  r e l a t i v e l y  la rg e  d is lo c a t io n  lo o p s . None 
o f  th e  specim ens had shown t h i s  type  o f  la rg e  d is lo c a t io n  loop under 
normal c o n d itio n s , so i t  seemed rea so n a b le  to  assume th a t  t h i s  p a r t i c u l a r  
specimen th in  f o i l  was a c c id e n ta l ly  damaged, d u rin g  o r a f t e r  p re p a ra t io n ,  
p roducing  d is lo c a t io n  movement to  r e l a t i v e l y  la rg e  d is ta n c e s .  The 
c h a ra c te r  o f  th e  fe a tu re s  was s tu d ie d  in  d e t a i l .  The s te r e o p a i r  o f  
F ig . 4 - 10a shows a th re e  d im ensional arrangem ent o f  th e se  f e a tu re s  ( th e  
view ing d ir e c t io n  i s  c lo se  to  [5 4 5 ]). The group o f  la rg e  d is lo c a t io n  
loops appeared to  emanate from a s in g le  source  and p i l e  up on a p a r t i c u l a r  
(111) s l i p  p lan e  in c l in e d  to  th e  f r e e  s u r fa c e . T iny hexagonal d i s lo c a t io n  
loops could  be seen  a l l  over th e  im p ressio n , w e ll re so lv ed  a t  some p la c e s ,  
in  p a r t i c u la r  th e  one a t  p o s i t io n  A ly in g  n e a r  th e  boundary o f  th e  
c r a t e r .  T his hexagonal i s o la te d  loop was found to  be a sh ea r loop  ly in g  
on a  s l i p  p lan e  p a r a l l e l  to  th e  one on which th e  group o f  la rg e  loops was 
seen to  be g lid in g . The is o la te d  and th e  la rg e  group o f  loops were 
in v is ib le  in  th e  022 r e f l e c t io n  as shown in  F ig . 4-10b. The i n v i s i b i l i t y  
c r i t e r io n  fo r  th e  d e te rm in a tio n  o f  B urgers v e c to rs  suggested  t h e i r  
d isp lacem ent v e c to rs  to  be along [O il] ,  This i s  a lso  th e  v e c to r  fo r  a 
s in g le  la rg e  loop a t  p o s i t io n  marked C which was a lso  found to  be ly in g  
on an in c l in e d  s l i p  p lane  (bu t d i f f e r e n t  from th e  (111) on which th e  
is o la te d  and la rg e  group o f  loops moved), p robab ly  (111). The e f f e c t
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o f  t i l t i n g  th e  specimen th rough  28° could  be seen  in  F ig . 4-10c which 
was a lso  produced by th e  202- r e f l e c t io n  (used to  produce th e  s te r e o ­
p a i r  o f  F ig . 4 -lQ (a) ) .  The la rg e  loops and th e  is o la te d  hexagonal 
loop have expanded w hile  th e  la rg e  s in g le  loop has shrunk confirm ing  
th a t  th e y  l i e  on two d i f f e r e n t  s l i p  p lan es  in c lin e d  to  th e  f r e e  s u r fa c e . 
The d i r e c t io n s  o f  th e  s t r a ig h t  lo n g er s e c tio n s  o f  th e  la r g e r  loops were 
found by a v e c to r  method (appendix I I  ) .  They were p a r a l l e l  to  th e  
[O il] d i r e c t io n s  in c lin e d  to  th e  f r e e  su rfa c e  in d ic a t in g  th a t  th e y  were 
screw  d is lo c a t io n s .  The behav iou r o f  th e  background c o n tr a s t  o f  dark  
i r r e g u la r  p a tch e s  was w orth n o tin g  d u rin g  th e se  in v e s t ig a t io n s .  The 
t i n y  d is lo c a t io n  loops could  b,e seen w ell re so lv e d  a t  some p la c e s  
( s p e c ia l ly  in  F ig . 4 -1 0 a ) . But where t h e i r  d e n s ity  was h ig h , th e y  could, 
n o t be re so lv ed  r e s u l t in g  in  th e  fo rm ation  o f  pa tch es  o f  dark  c o n t r a s t .  
This c o n tra s t  appeared and d isappeared  as  th e  r e f l e c t io n  was changed in  
th e  same way as th e  d is lo c a t io n  im ages. Comparison o f  F ig . 4-lO a and 
b o f  th e  same a re a  p ic tu re d  under d i f f e r e n t  r e f le c t io n s  showed q u i te  
d i f f e r e n t  background c o n t r a s t ,  su g g es tin g  as  though th e  dark  p a tch es  
a re  ag g reg a te s  o f  un reso lved  d is lo c a t io n s .
4 -6 -2  TRANSMISSION ELECTRON MICROSCOPY OF SCRATCHES
The r e s u l t s  o f  th e  p rev io u s s e c tio n s  have e s ta b lis h e d  th a t  th e  
in d e n te r  su rfa c e  was v e ry  rough in d eed . The in d e n ta tio n  marks re v e a le d  
th a t  th e  a s p e r i t i e s  a t  th e  co rn e rs  o f  th e  in d e n te r  p y ra m id -tip  were 
com paratively  h ig h e r th an  i t s  c e n tr a l  re g io n . The e f f e c t  o f  s l id in g  
such an in d e n te r  on a smooth specimen su rfa c e  could  be seen in  F ig . 4-11 
o f  a s c ra tc h  produced under a 5 gm lo ad . W ithin t h i s  com plicated  mode 
o f  d e fo rm atio n , some in te r e s t in g  fe a tu re s  were e a s i ly  re c o g n is a b le . The 
s c ra tc h , f o r  in s ta n c e , c o n s is te d  o f  a system  o f  g rooves, w e ll d e fin e d  in  
th e  c e n tr a l  re g io n s , which e v id e n tly  had r e s u l te d  from th e  a s p e r i t i e s  
a t  th e  rough in d e n te r  su r fa c e . Both edges o f  th e  s c ra tc h  were covered 
by a complex and e x ten s iv e  p l a s t i c  defo rm ation  w herein a system  o f
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p a r a l l e l  d is lo c a t io n  l in e s  was c le a r ly  v i s ib l e .  Most p ro b ab ly  
co m parative ly  h ig h e r a s p e r i t i e s  n e a r  th e  c o m e rs  o f  an in d en te r-p y ram id - 
t i p  were re s p o n s ib le  fo r  severedefo rm ation  a t  th e  edges o f  th e  s c r a tc h .
In th e se  h e a v ily  deformed re g io n s  i t  was n o t p o s s ib le  to  o b ta in  a 
w ell d e fin ed  two-beam c o n d itio n  and hence c h a r a c te r iz a t io n  o f  th e se  
complex ag g reg a tes  o f  d is lo c a t io n s .
The n o n - l in e a r  furrow s o f  th e  grooves in  F ig . 4-11 su g g ested  a 
non-uniform  movement o f  th e  s l i d e r .  The s c ra tc h e s  made under l i g h t e r  
loads g r e a t ly  exaggera ted  t h i s  non-uniform  movement. A p e r io d ic  
c o n tr a s t  shown in  F ig . 4-12 a r i s in g  from a s c ra tc h  made under a 0 .3  gm
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load  suggested  a 1 j e r k y 1 movement o f  th e  s l i d e r .  Such movement a s s o c ia te d  
w ith  th e  lo c a l  f r i c t i o n  was p o s s ib ly  re s p o n s ib le  fo r  th e  rem oval o f  
ch ip s  o f  d i f f e r e n t  s iz e s  as observed by o p t ic a l  m icroscopy a lo n g  th e  
whole le n g th  o f  a s c ra tc h  made p a r a l l e l  to  th e  | 112] d i r e c t io n  under 
h e a v ie r  lo a d s .
In th e  case  where th e  c e n tr a l  re g io n s  o f  a  s c ra tc h  was le s s  
h e a v ily  deform ed, an a ttem p t was made to  re s o lv e  th e  n a tu re  o f  th e  
s t r e s s  f i e l d  round th e  grooves. F ig . 4-13 shows a p a r t  o f  a s c r a tc h  
made a t  random on n e a r (111) s i l i c o n  b u t found to  be p a r a l l e l  to  a  
[321] d i r e c t io n  under a load  o f  3 gm. Using d i f f e r e n t  d i f f r a c t i n g  
v e c to r s ,  a s  shown in  F ig . 4-13 a and b , produced by th e  022 and 220 
r e f le c t io n s  r e s p e c t iv e ly  i t  was p o s s ib le  to  c h a ra c te r iz e  th e  two 
fe a tu re s  o f  i n t e r e s t .  F i r s t l y ,  th e  la rg e  d is lo c a t io n  h a lf - lo o p s  which 
were i n v i s ib le  in  th e  022 r e f l e c t io n  (F ig . 4 -l3 a ) had t h e i r  B urgers 
v e c to rs  p a r a l l e l  to  [O il] ,  and second ly  w idth  o f  th e  c o n tr a s t  round th e  
s t r a ig h t  s c ra tc h ' grooves was narrow er f o r  th e  r e f l e c t io n  v e c to r  £  ly in g  
n e a r ly  p a r a l l e l  to  th e  s c ra tc h  le n g th  (F ig . 4 - l 3b) and when £  was n e a r ly  
p e rp e n d ic u la r  to  i t .  T his suggested  th a t  a la rg e  component o f  th e
r e s id u a l  s t r a in  round th e  s c ra tc h e s  was p e rp e n d icu la r  to  th e  s c r a tc h  
le n g th , a  r e s u l t  s im ila r  to  th e  one a r r iv e d  a t  in  C hapter 3 on X -ray 
topography o f  s c r a tc h e s .
4-7 EFFECT OF ANNEALING
The experim ents o f  th e  p rev io u s  s e c tio n s  have proved th a t  th e  f r e e  
su rfa c e  o f  a n ea r (111) Si s in g le  c r y s ta l  i s  very  f r a g i l e  and could  be 
damaged v e ry  e a s i ly  even by a v e ry  l i g h t  c o n ta c t. The p re s e n t day 
m ic ro -m in ia tu r iz a tio n  o f  th e  sem i-conductor dev ices demands knowledge 
n o t o n ly  o f  th e  n a tu re  o f  th e  su rfa c e  damage, however in tro d u ce d , b u t 
a lso  o f  th e  e f f e c t  o f  h e a t- tre a tm e n t on such damage. During m anufacture  
o f  d e v ic e s , th e  s u b s tr a te s  a re  su b jec ted  to  a  complex sequence o f  h e a t-  
tre a tm e n t a t  a tem p era tu re  around 1000° c and i t  was in  t h i s  connectioft 
t h a t  th e  s e r ie s  o f  experim ents d e sc rib ed  in  t h i s  s e c tio n  were perform ed.
The specim ens w ith  th e  lo c a l iz e d  s c ra tc h in g  damage were annealed
a t  th e  tem p era tu res  o f  1000 and 1100°C in  th e  h e a tin g  s ta g e  in  a h igh
p u r i t y  (99.99%) Argon flow  p r io r  to  th in n in g . Hie an n ea lin g  r e s u l te d  in
r e la x a t io n  o f  th e  s t r e s s  f i e l d  round th e  sc ra tc h e s  g iv in g  r i s e  to
d is lo c a t io n  netw orks. A s c ra tc h  made p a r a l l e l  to  th e  [112] d i r e c t io n
under a lo ad  o f  5 gm and su b seq u en tly  annealed  a t  1000°c fo r  one hour
i s  shown in  F ig . 4 -14 . Two d i s t i n c t  ty p es  o f  d is lo c a t io n  netw orks could
be i d e n t i f i e d .  F i r s t l y ,  r e l a t i v e l y  lo n g e r d is lo c a t io n  l in e s  a t  a
5 -  2low er d e n s ity  (^10 mm ) o u ts id e  th e  s c ra tc h  groove (ty p e  A ), and
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seco n d ly , th e  d is lo c a t io n  netw orks a t  a r e l a t i v e ly  h ig h e r  d e n s i ty  (M.0 mm 
in s id e  th e  s c ra tc h  groove (ty p e  B ). The s te re o  p a i r  o f  F ig . 4 - l4 (a )  
produced by th e  220 r e f l e c t io n  shows th e  th re e  d im ensional arrangem ent o f  
th e se  d i s lo c a t io n  netw orks. A la rg e  number o f  s h o r t segments in  th e  
netw eork o f  th e  ty p e  B d is lo c a t io n s  appeared to  be ly in g  on th e  s l i p  
p la n e s  in c l in e d  to  th e  (111) on which most o f  th e  r e l a t i v e l y  lo n g e r 
segm ents o f  th e  ty p e  A d is lo c a t io n s  could  be seen a t  d i f f e r e n t  le v e l s
b enea th  th e  f r e e  s u rfa c e . O utside  b u t c lo se  to  th e  s c ra tc h  groove, sh o r t 
d is lo c a t io n s  (marked 1 on th e  m icrograph) re v e a le d  a ty p ic a l  d o t ty  c o n tra s t  
a t  t h e i r  ends under some d i f f r a c t in g  co n d itio n s  su g g es tin g  th a t  th e y  were 
in  f a c t  in te r s e c t in g  th e  f o i l  s u r fa c e s . A s t r a ig h t  d is lo c a t io n  i n t e r ­
s e c t in g  th e  to p  and bottom  su rfa c e s  o f th e  f o i l  ( l ik e  1) was v e ry  u se fu l 
in  d e term in ing  th e  f o i l  th ic k n e ss  (H irsh  e t  a t  (1965) ) and hence 
d is lo c a t io n  d e n s i ty .  In  t h i s  p a r t i c u l a r  c a se , u s in g  th e  v e c to r  method 
(appendix I I  ) ,  th e  l in e  d i r e c t io n  o f  d is lo c a t io n  1 was found to  be 
along  [101] su g g es tin g  th e  f o i l  th ic k n e ss  o f  about 1.8  ym.
In  o rd e r to  c h a ra c te r iz e  th e se  d is lo c a t io n s ,  th e  same re g io n  o f  
th e  s c r a tc h  was imaged u s in g  d i f f e r e n t  r e f le c t io n s  under a two beam 
c o n d itio n . For th e  th re e  220-type r e f le c t io n s  (when g -v e c to r  l i e s  in  
th e  (111) p la n e ) ,  th e  ty p e  A d is lo c a t io n s  produced a s tro n g  c o n t r a s t  as 
could be seen  in  F ig s . 4 -l4b  and c produced by th e  022 and 202 r e f l e c t io n s  
r e s p e c t iv e ly .  Follow ing th e  shceme f o r  th e  d e te rm in a tio n  o f  th e  B urgers 
v e c to rs  o f  d is lo c a t io n s  ( s e c t io n  3 -3 ) , c o n tra s t  in  F ig s  4-14 su g g ested  
th a t  th e  ty p e  A d is lo c a t io n s  had t h e i r  B urgers v e c to rs  ly in g  in  th e  (111) 
f o i l  p la n e . Had t h e i r  Burgers v e c to rs  been along < 1 1 0 > -d irec tio n s  in c l in e d  
to  th e  ( 111) p la n e , th e y  should have been in v is ib le  in  a t  l e a s t  one o f  
th e  220-type r e f l e c t io n .  T race a n a ly s is  suggested  th a t  th e  l in e  v e c to r s  
fo r  d is lo c a t io n s  marked 2 and 3 r e s p e c t iv e ly  were along  [110] and [101]- 
d i r e c t io n s .  Thus th ey  were presum ably 60°- d is lo c a t io n s  ( t h i s  cou ld  n o t . • „:. 
be e s ta b lis h e d  d e f in i t e ly  becau se , a t  one s ta g e  th e  specimen had to  be 
tak en  o u t, and w hile  r e in s e r t in g ,  u n fo r tu n a te ly  i t  was b ro k en ). Comparison 
o f  th e se  m icrographs re v e a le d  th a t  a la rg e  number o f  th e  ty p e  B d is lo c a t io n s  
were in v i s ib le  in  th e  220 and 202-  r e f le c t io n s  in d ep en d en tly  su g g es tin g  
t h e i r  B urgers v e c to rs  to  be r e s p e c t iv e ly  along  [110] and [101] in c l in e d  
to  th e  (1 1 1 ). Thus i t  became c le a r  th a t  th e  mode o f  r e la x a t io n  in s id e  th e  
groove was d i f f e r e n t  from th e  one o u ts id e  th e  groove in  t h a t  w h ile  in  
th e  form er d isp lacem ent v e c to rs  were in c l in e d  to  th e  specimen s u r fa c e
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p la n e , th ey  were ly in g  in  i t  in  th e  la tte r .
Another [112]— s c ra tc h  a lso  made under 5 gm load  b u t su b seq u en tly  
annealed  a t  1100°C fo r  one hour i s  shown in  F ig . 4 -15 . The ty p e  B 
d is lo c a t io n s  o f  th e  p rev io u s  case  were b u rie d  under a heavy la y e r  o f  
unknown s t r u c tu r e  th a t  could  be seen  sp read in g  a l l  over th e  groove. The 
c o n tr a s t  a r i s in g  from t h i s  s t ru c tu re  was seen  to  be changing a s  th e  
d i f f r a c t io n  c o n d itio n s  were changed su g g estin g  th a t  th e  'muck' could  be 
some compound o f  Si produced from th e  unremoved p a r t i c l e s  o f  d e b r is  
d u rin g  th e  an n ea lin g  p ro c e ss . However, d is lo c a t io n  netw orks seen
o u ts id e  th e  groove were found to  have a r e l a t i v e l y  h ig h e r  d e n s i ty  n ea r
e,th e  s t r a tc h  groove. The sterto  p a i r  o f  F ig . 4-15a re v e a le d  th a t  most o f  
th e  d is lo c a t io n s  were ly in g  n e a r ly  p a r a l l e l  to  th e  f r e e  s u r fa c e .
In  o rd e r  to  c h a r a c te r is e  th e se  d is lo c a t io n s ,  two beam d i f f r a c t i o n  
c o n d itio n s  (w ith  th e  d e v ia t io n  param eter s = o) in  th e  220 , 222 and th e  
311- ty p e  r e f le c t io n s  were u sed . In  th e  case  o f  th e  220 and th e  202 
r e f l e c t i o n s ,  th e  d is lo c a t io n s  produced a s tro n g  c o n t r a s t .  When th e  
022 r e f l e c t io n  was used , th e  d is lo c a t io n s  produced a ty p ic a l  double 
image c o n tra s t  such th a t  a  l i n e  o f  fno c o n tra s t*  was bounded by two 
broad dark  l in e s  runn ing  p a r a l l e l  to  each o th e r ,  o c c a s io n a lly  showing 
some i r r e g u l a r i t y  in  c o n tr a s t  presum ably due to  lo c a l  v a r ia t io n  o f  th e  
d e v ia t io n  param eters (F ig . 4 - l5 b ) . The s i tu a t io n  corresponded to  th e  
g .  b_value equal to  2 (H irsh  e t  a l  1967). Moreover th e  d is lo c a t io n s  were 
in v i s ib le  in  th e  222 and 3 l l  r e f le c t io n s  showing on ly  a weak r e s id u a l  
c o n tra s t  (F ig . 4 - l5 c ) . T his evidence suggested  th a t  th e  d is lo c a t io n s  had 
t h e i r  B urgers v e c to rs  along  th e  [O il] d i r e c t io n .  F ig . 4 -1 5d was produced 
when th e  a p e r tu re  was d isp la c e d  to  a llow  th e  d i f f r a c te d  beam to  form 
th e  1dark  f i e l d  image*. Comparison o f  t h i s  f ig u re  w ith  4-15a shows how 
th e  i n t e n s i ty  sw itched  over (though n o t com pletely  because o f  th e  low 
o rd e r  . i n e l a s t i c  s c a t te r in g  o f  e le c tro n s  c o n tr ib u tin g  to  th e  K ikuch i 
l in e s )  between th e  two modes o f  image fo rm atio n .
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A s c ra tc h  made n e a r ly  p a r a l l e l  to  th e  [112] d i r e c t io n  under a 
lo ad  o f  5 gin and annealed  a t  1100°C f o r  one hour i s  shown in  F ig .
4 -16 . There e x is te d  no long range d is lo c a t io n  loops as were seen 
a s s o c ia te d  w ith  a  [112] s c ra tc h . T his r e s u l t  was s im ila r  to  th e  one 
o b ta in ed  in  X -ray topography o f  s c ra tc h e s  made under r e l a t i v e l y  h e a v ie r  
lo a d s . B esides t h i s  th e  B urgers v e c to rs  fo r  th e  sh o r t  d is lo c a t io n  l in e s  
( s im i la r  to  th e  ones seen in  X -ray topographs o f  annealed  [112] s c ra tc h e s )  
ly in g  on th e  o p p o s ite  s id e s  o f  th e  s c ra tc h  were d i f f e r e n t  from each 
o th e r .  As b e fo re  th e  d is lo c a t io n s  produced a s tro n g  c o n tr a s t  in  th e  220- 
type  r e f l e c t i o n s .  The d is lo c a t io n s  marked 1 on th e  m icrograph showed 
ty p ic a l  double images in  th e  320 r e f l e c t io n  w h ile  th ey  were i n v i s ib l e  in  
th e  224 su g g es tin g  t h e i r  Burgers v e c to rs  were along th e  [110] d i r e c t i o n -  
(F ig s . 4-16 ( a ) ,  ( b ) ) .  For th e  d is lo c a t io n s  marked 2, a s im ila r  ev idence  
su g g ested  t h e i r  Burgers v e c to rs  to  be a long  [O il] .  F ig . 4 - l6 a  was 
produced when th e  220-K ikuchi l in e  passed  th rough th e  m iddle o f  th e  220- 
d i f f r a c t io n  s p o t ,  i . e . ,  when s = 0 . The param eter s i s  c o n v e n tio n a lly  
taken  as n e g a tiv e  i f  an h k £ - lin e  l i e s  o u ts id e  th e  d i f f r a c te d  s p o t .  By 
t i l t i n g  th e  specim en, i t  was p o s s ib le  to  change s from a n e g a tiv e  to  a 
p o s i t iv e  v a lu e . F ig . 4 -1 6 (c) and (d) were r e s p e c t iv e ly  produced f o r  
s = 0 .0 3 6  and s = -0 .0 4 . Comparison o f  F ig s . 4 -16  ( a ) ,  (c) and (d) 
showed th a t  th e  d is lo c a t io n  images appear narrow er and sh a rp e r  f o r  a 
p o s i t iv e  s w h ile  a n e g a tiv e  s produces b lu r re d  and d if fu se d  im ages.
4-8 DISCUSSION
The p re s e n t experim ents show th a t  when a s i l i c o n  s in g le  c r y s ta l  i s  
in d en ted  o r sc ra tc h e d  u s in g  a m icrohardness in d e n te r ,  p l a s t i c  d e fo rm ation  
occurs due to  th e  n u c le a tio n  o f  a dense a r ra y  o f  d is lo c a t io n s .  Under 
normal co n d itio n s  s h o r t  d is lo c a t io n  segments and u n reso lv ed  p a tch es  o f  
c o n tr a s t  appear o n ly  in  a  lo c a l iz e d  re g io n  a t  th e  sp ec im en -in d en te r 
in te r f a c e .  S im ila r  o b se rv a tio n s  have been re p o r te d  by Eremenko and 
N ik itenko  (1972) who used l i g h t e r  loads on th e  in d e n te r .  H i l l  and R ow cliffe
96
w hile  in d e n tin g  s i l i c o n  a t  room tem p eratu re  and a t  300°C under a 100 gm 
load  showed th a t  only  sh ear loops ly in g  on th e  { i l l}  p la n es  and having 
<0 l l > Burgers v e c to rs  a re  produced. S t i c k le r  and Booker (1963) in  
connection  w ith  a b ra s io n  o f  s i l i c o n  by diamond p a r t i c le s  re p o r te d  th a t  
a t  room tem p era tu re  d is lo c a t io n s  were n o t on ly  re a d i ly  n u c le a te d  b u t 
a ls o  th e y  were always lo c a te d  n ea r th e  specimen su rfa c e . D uring th e  
p re s e n t  experim ents no d e te c ta b le  c rack in g  was observed under l i g h t e r  
lo a d s . M oreover, tra n sm iss io n  e le c tro n  m icrographs o r  t h e ’r e l a t e d  
d i f f r a c t i o n  p a t te rn s  gave no evidence o f  tw inn ing  o r  p h a se -tra n s fo rm a tio n . 
Banded c o n tr a s t  in d ic a t in g  a f a u l te d  loop has o c c a s io n a lly  been observed . 
Keeping in  view th e  f a c t  t h a t , t h e  specimen m a te ria l was i n i t i a l l y  
d is lo c a t io n  f r e e  which was confirm ed by tran sm iss io n  X -ray topography , 
i t  seemed rea so n ab le  to  assume th a t  th e  n u c le a tio n  o f  d is lo c a t io n s  in  
th e  su rfa c e  la y e rs  took p lace  a t  s t r e s s e s  comparable w ith  th e  th e o r e t i c a l  
- sh ea r s t r e s s .
The f i r s t  im p o rtan t f a c to r  tow ards th e  un d ers tan d in g  o f  th e  q u e s tio n  
o f  how th e se  s t r e s s e s  a re  s e t  up, i s  th e  roughness o f  th e  in d e n te r  (and / 
o r  th e  specimen) s u r fa c e . In  th e  p re s e n t work, degree o f  sm oothness o f  
th e  i n d u s t r i a l l y  p rep a red  s i l i c o n  su rfa c e  was very  h ig h . But th e  in d e n te r  
t i p  was v e ry  rough as can be seen  in  th e  scanning e le c tro n  m icrograph 
o f  F ig . 4 -17 . The id e a l  s i tu a t io n  o f  th e  H ertz ian  c o n ta c t problem  o f  ' 
th e  1 e l a s t i c  c o n ta c t o f  smooth s u r fa c e s 'h a s  been extended by Greenwood 
and T ripp  (1967) to  in c lu d e  th e  c o n tac t o f  rough su r fa c e s . They have 
p o in te d  o u t ,  th a t  r e a l  s o l id s  have rough su rfa ce s  and th a t  th e s e  rough 
s u rfa c e s  make c o n ta c t on th e  i s o la te d  p o in ts  where th e  a s p e r i t i e s  on th e  
two su rfa c e s  mate to g e th e r .  When th e  s e p a ra tio n  between a rough and a 
smooth su rfa c e  i s  Z, a l l  th e  a s p e r i t i e s  (which can be assumed to  be 
s p h e r ic a l)  w ith  h e ig h ts  h>z w il l  make c o n ta c t .  In  doing so , th e  a s p e r i ty  
as w ell as th e  specimen su rfa c e  w i l l  be deform ed. The c o n ta c t  p re s s u re
p
p = — 2 a t  th e  c o n tac t p o in t (a  c i r c l e  o f  d iam eter 2a) may re a c h  such 
ira
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a  h ig h  v a lu e  t h a t  th e  e l a s t i c  l im i t  i s  exceeded lo c a l ly  r e s u l t in g  in  
p l a s t i c  defo rm ation . While th e  s c a t te r e d  a re a s  o f  c o n ta c t depend on th e  
d i s t r ib u t io n  and h e ig h ts  o f  th e  a s p e r i t i e s ,  th e  e x te n t o f  damage depend 
on th e  load  on th e  in d e n te r  (F ig- 4-5 and F ig . 4 -6 ) . By changing th e  
ang le  o f  in c id en ce  o f  th e  in d e n te r  on th e  specimen s u r fa c e , th e  d i s t r i ­
b u tio n  o f  th e  a s p e r i t i e s  can be changed so as to  produce th e  in d e n ta t io n  
mark o f  d i f f e r e n t  shape (F ig . 4 -7 ) . D. Tabor (1967) has p o in te d  o u t 
th a t  th e  ta n g e n t ia l  s t r e s s e s  which a r i s e  d u rin g  normal lo ad in g  s e t  up 
f r i c t i o n a l  t r a c t io n s  a t  th e  in te r f a c e  which u l t im a te ly  le ad  to  p l a s t i c  
defo rm ation . T his a sp e c t has been con sid ered  in  d e t a i l  by Johnson, 
0 !Connor and Woodward (1973) fak in g  in to  account th e  d if f e r e n c e  o f  
e l a s t i c i t y  o f  th e  m a te r ia ls  o f  an in d e n te r  and a specim en.
The d if f e r e n c e  in  e l a s t i c i t y  o f  th e  m ating s u rfa c e s  r e s u l t s  in  
a r e l a t i v e  movement o f  th e  su rfa c e s  which i s  opposed by th e  lo c a l  f r i c t i o n  
a t  th e  in te r f a c e .  The combined e f f e c t  th u s  lead s  to  ta n g e n t ia l  su r fa c e  
t r a c t io n s  a t  th e  c o n ta c t re g io n s . * Johnson e t  a l  have d is t in g u is h e d  
two d i s t i n c t  c a se s : ( i )  no s l i p  s i tu a t io n  due to  a la rg e  f r i c t i o n  a t
th e  in te r f a c e  and ( i i )  th e  case  where s l i p  i s  allow ed a l l  over th e  
in te r f a c e .  In th e  form er c a se , th e  ta n g e n t ia l  s t r e s s  i s  a maximum a t  
th e  edge o f  th e  a re a  o f  c o n ta c t . The d i s t r ib u t io n  o f  t h i s  s t r e s s  i s  
governed by th e  d i s s im i la r i ty  p a ram eter,
; . . ( l - 2 v I )/G 1 ,- (1^2y2)/G 2
' (1 - v p /G ^  + (1 - v2)/G 2
where v and G a re  th e  P o is so n ’s r a t i o  and th e  sh ea r modulus r e s p e c t iv e ly .  
On th e  o th e r  hand, th e  l a t t e r  case  o f  com plete s l i p  produces a maximum 
ta n g e n t ia l  s t r e s s  o f  th e  o rd e r o f  pPo a t  th e  c e n tre  o f  th e  c o n ta c t a re a  
where p and Po a re  th e  c o - e f f ic ie n t  o f  f r i c t i o n  and average norm al 
p re s su re  a t  th e  in te r f a c e  r e s p e c t iv e ly .  "*
But th e  r e a l  s i tu a t io n  in  f a c t  l i e s  between th e s e  two extrem es
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such th a t  th e  s l i p  occu rs  in  an annulus o f  a rea  o f  c o n ta c t w ith  a maximum
s t r e s s  OpPo) a c t in g  a t  th e  edge o f  th e  c o n ta c t a re a . The v a lu e  o f
k fo r  diamond (v = 0 .33) on s i l i c o n  = 0 .26) i s  =0.5. Taking th e
c o - e f f ic ie n t  o f  f r i c t i o n  y fo r  diamond on s i l i c o n  equal to  0 .1  (which
in  f a c t  i s  th e  v a lu e  o f  y fo r  diamond on diamond o r a m e ta l) ,  th e  r e l a t i v e
ta n g e n t ia l  su rfa c e  s t r e s s e s  du rin g  in d e n ta tio n  a re  M ).l Po. M oreover, th e
mean p re s su re  Po re q u ire d  to  form an in d e n ta tio n  on s i l i c o n  a t  room
3 2tem p eratu re  i s  about 10 kgf/mm ; fo r  in s ta n c e  i t s  v a lu e  in  F ig . 4-10 
3 2i s  1 .5  X 10 kgf/mm . T h e  v a lu e  o f  th e  e l a s t i c  c o n s ta n t G f o r  S i
3 2(EC44 , th e  s t i f f n e s s  c o n s ta n t)  i s  1 .8  X 10 kgf/mm . I t  i s  c le a r  t h a t
_2
th e  s t r e s s e s  fo llo w in g  th e  method o f  Johnson e t  a l  a re  10 G which i s
t
rough ly  th e  v a lu e  needed to  n u c le a te  d is lo c a t io n s  in  a d i s lo c a t io n - f r e e  
c r y s ta l .  Thus i t  looks as  i f  n u c le a tio n  o f  d is lo c a t io n s  i s  a  consequencce 
o f  th e  ta n g e n t ia l  fo rce s  th a t  a r i s e  due to  i n t e r f a c i a l  f r i c t i o n  b rough t 
in  by th e  d i s s im i l a r i t y  o f  th e  e l a s t i c  p ro p e r t ie s  o f  s i l i c o n  and diamond.
^  I t  i s  b e lie v e d  th a t  th e  d is lo c a t io n  m otion in  sem i-conducto rs  ta k e s  
p la c e  a t  tem p era tu res  h ig h e r than  2 /3  rd  o f  th e  a b so lu te  m e ltin g  p o in t .
At tem p era tu res  low er th an  t h i s  th ey  undergo b r i t t l e  f r a c tu r e  w ith o u t 
any s ig n  o f  th e  p resence  o f  re s id u a l  d e fo rm ation . No ev idence o f  
d is lo c a t io n  movement in  s i l i c o n  a t  room tem peratu re  has been re p o r te d .
But du rin g  th e  p re s e n t s e r ie s  o f  experim en ts, th e  d is lo c a t io n  movement 
was observed to  have tak en  p la c e  ( a t  l e a s t  in  th re e  specim ens) a t  room 
tem p eratu re  due to  h an d lin g  s t r e s s e s  on th e  th in  specimen f o i l s  
co n ta in in g  in d e n ta tio n  surface-dam age. Marsh, M arshall and E ales (1970) 
have shown th a t  s i l i c o n  s l i c e s  o f  v e ry  sm all th ic k n e ss  (^few ym) a re  
v e ry  f l e x ib le  and can be b en t w ithou t breakage i f  th e  ap p lie d  s t r e s s e s  
do n o t exceed th e  f r a c tu re  l im i t  o f  s i l i c o n .  Using th e  th re e  o r  fo u r 
p o in t bend ing , s e v e ra l au th o rs  have measured d is lo c a t io n  v e lo c i t i e s  in  
s i l i c o n  a t  e le v a te d  tem p era tu res . (Chaudhur1, P a te l and Rubin (1962); 
pa i.e. 6. •. and F ree land  (1967); Novikov, Badilenko and Butchenko (1972);
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George and Champier (1975) and K ulkarni and W illiam s (1976). But in  the '
p re s e n t case th e  phenomenon emphasizes th e  movement o f  d is lo c a t io n s  a t
room te m p era tu re , though under p o o rly  d e fin ed  experim en tal c o n d itio n s .
Thus i t  i s  v e ry  d i f f i c u l t  to  e s tim a te  th e  magnitude o f  th e  s t r e s s e s
in v o lv ed . The on ly  rea so n a b le  e s tim a te  o f  th e  s t r e s s e s  can be made
from th e  i s o la te d  loop a t  p o s i t io n  A in  F ig . 4 -10 , though t h i s  v a lu e
w i l l  n o t be th e  same a l l  over th e  su r fa c e . The loop has a B urgers
v e c to r ,  b^  o f  i[0 1 1 ] and i t s  d iam eter 2 400 A which su g g es ts  a  sh ea r
Gb ~ 2s t r e s s  —  ^10~ G opposing i t s  sh rin k ag e .
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HF + HNO
specimen
r o ta t io n ’
F ig . 4-1
P r in c ip le  o f  th e  p o lis h in g  machine
In c id e n t
E lec tro n
Beam
m .-V -E3
W&//A]S2ZZZZ&
specimen
len s
v zzzzm m zzzzz a p e r tu re
In c id e n t
E lec tro n
Beam
V///////S//////77A
Ca)
F ig . 4-2
Mechanism o f  d i f f r a c t io n  c o n tra s t ,
(a) B rig h t f i e l d  m icroscopy
(b) Dark f i e l d  m icroscopy
(b)
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D if f ra c te d
spo t
Transm itted
spo t
Fig. 4-3
D eterm ination  o f  camera c o n s tan t  (AL) 
o f  the  e l e c t r o n  microscope.
hk l -  
spo t
000 -
spo t
h k £ - l in e
(a) (b)
F ig . 4-4
Stereom icroscopy
(a) An e le c t ro n  d i f f r a c t i o n  p a t t e r n  showing a good two beam 
c o n d it io n  and Kikuchi l i n e s .
(b) D if f r a c t io n  p a t t e r n  o f  (a) ex p la in ed  fo r  s tereom icroscopy, 
The specimen i s  t i l t e d  such t h a t  th e  Kikuchi l in e  p a t t e r n  
moves p a r a l l e l  to  th e  AB l in e  w hile  the  t ra n s m i t te d  (000) 
and the  d i f f r a c t e d  (hkil) sp o ts  remain f ix e d  in  t h e i r  
p o s i t io n .
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Fig . 4-5 x 23500
Transmission e le c t ro n  micrograph o f  an in d e n ta t io n  
produced a t  room tem perature  under a load o f  2 gm 
on the Vickers diamond pyramid in d e n te r .  Note the  
d i s c r e te  a reas  o f  damage due to  con tac t o f  th e  o u t ­
s tand ing  a s p e r i t i e s  on th e  in d e n te r  t i p .
R e f lec t io n :  220
F ig . 4-6 x 23500
Transmission e le c t ro n  micrograph o f  an in d e n ta t io n  
mark produced under a load o f  0 .3  gm on the  inden­
t e r  which was used to  produce in d e n ta t io n  o f  Fig.
4-5 .
R ef lec t io n  220
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Fig . 4-7 x 52500
Transmission e le c t ro n  micrograph o f  an in d e n ta t io n  
produced under a load o f  3 gm. The in d e n te r  was 
s l i g h t l y  in c l in e d  to  the  su rface  o f  the  specimen. 
Note the  high d e n s i ty  o f  d i s lo c a t io n s  spreading  
a l l  over th e  im pression.
R ef lec t io n :  220
Fig. 4-8 x 17000
Transmission e le c t ro n  micrograph o f  an in d e n ta t io n  
c r a t e r  produced under a load o f  10 gm. The presence  
o f  a r a d i a l  crack i s  ev iden t from th e  l in e  o f  mis-match 
AB in  the  system o f  f r in g es  in s id e  the c h ip -c a v i ty .
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Fig . 4-9 (b) x 33000
Transmission e le c t ro n  micrograph o f  in d e n ta t io n  
mark o f  F ig. 4-9 (a) produced by the  022 r e f l e c ­
t io n .  Note th e  change in  c o n tra s t  a r i s in g  from 
d i s lo c a t io n  loops.
Fig. 4-9 (c) x 33000
Transmission e le c t ro n  micrograph o f  in d e n ta t io n  
mark o f  Fig . 4-9 (a) produced by the  220 
r e f l e c t i o n .
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Fig. 4-10 (b) x 55500
Transm ission e le c t ro n  micrograph o f  the  
in d e n ta t io n  o f  F ig . 4-10 (a) a t  a high 
t i l t  angle  o f  28°. Note th e  group o f  
loops on the  l e f t  have expanded while the  
loop on r i g h t  has shrunk.
R e f lec t io n :  202
Fig . 4-10 (c) x 55500
Transmission e le c t ro n  micrograph o f th e  
in d e n ta t io n  o f  F ig . 4-10 (a) showing 
i n v i s i b i l i t y  o f  d i s lo c a t io n  loops.
R e f l e c t i o n :  022
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Fig . 4-11 x 33000
Transmission e le c t r o n  micrograph showing s t r a ig h t  
d i s lo c a t io n  l in e s  in  the  'g ro o v e s ’ o f  a s c ra tc h  
produced under a load o f  5 gm. Dark f i e l d  image.
R ef lec t io n :  220
Fig. 4-12 x 23500
Transmission e le c t ro n  micrograph o f  a l i g h t  s c ra tc h  
produced under a load o f  0 .3  gm.
R e f lec t io n :  220
109
Fig . 4-13 (a) x 22500
Transmission e le c t ro n  micrograph showing a maximum 
width o f  c o n t r a s t  round the  ' fu r ro w s ’ o f  the  sc ra tc h  
and i n v i s i b i l i t y  o f  d i s lo c a t io n  loop s e c t io n s  in  the  
cen tre  o f  a s c r a tc h  produced under a 3 gm load .
R ef lec t io n :  022
Fig. 4-13 (b) x 22500
Transmission e le c t ro n  micrograph o f  the  sc ra tc h  o f  
F ig . 4-13 (a) by the  220- r e f l e c t i o n .  Note the 
change in  c o n t ra s t  round the  grooves.
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Fig. 4-14 (b) x 11500
Transm ission e le c t ro n  micrograph o f  th e  sc ra tch es  o f  
F ig . 4-14 (a) produced by the  022- r e f l e c t i o n .  Note 
the  d i s lo c a t io n  c o n t r a s t .
F ig. 4-14 (c) x 11500
Transmission e le c t ro n  micrograph o f  the  sc ra tc h  o f  
F ig . 4-14 (a) produced by the  202- r e f l e c t i o n .  Note 
the  d i s lo c a t io n  c o n t ra s t .
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Fig . 4-15 (b) x 8500
Transmission e le c t ro n  micrograph o f  th e  s c ra tc h  o f  
F ig . 4-15 (a) produced by the  022- r e f l e c t i o n  
showing double images o f  d is lo c a t io n s .
Fig . 4-15 (c) x 8500
Transmission e le c t ro n  micrograph o f  th e  s c ra tc h  of 
F ig . 4-15 (a) produced by the  222- r e f l e c t i o n  
showing i n v i s i b i l i t y  o f  d i s lo c a t io n s .
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Fig. 4-15 (d) x 8500
Transmission e le c t ro n  micrograph o f  the  sc ra tc h  o f  
F ig . 4-15 (a) in  the  dark f i e l d  mode. Compare with
(a) fo r  c o n t r a s t  e f f e c t s .
F ig . 4-16 (a) x 6500
Transmission e le c t ro n  micrograph o f  a [112]- s c ra tc h  
produced under a 5 gm load and annealed a t  1100°C 
fo r  one hour.
R e f lec t io n :  220
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Fig . 4-16 (b)
Transmission e le c t ro n  micrograph o f  the  s c ra tc h  
o f  F ig. 4-16 (a) produced by the 224- r e f l e c t i o n .  
Note the  d i s lo c a t io n  c o n t ra s t .
/ ‘V
9
Fig. 4-16 (c) x 6500
Transmission e le c t ro n  micrograph o f  the  s c ra tc h  o f  
F ig. 4-16 (a) produced by the  220- r e f l e c t i o n  fo r  
s = + 0.036. Note the d i s lo c a t io n  c o n t r a s t .
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Fig . 4-16 (d) x 6500
Transmission e le c t ro n  micrograph o f  th e  s c ra tc h  o f  
F ig . 4-16 (a) produced by the  220- r e f l e c t i o n  fo r  
s = - 0 .04 . Note the  d is lo c a t io n  c o n t r a s t .
F ig . 4-17 x 8000
Scanning e le c t ro n  micrograph o f  the  
t i p  o f  the  Vickers diamond pyramid 
in d e n te r  used during  th e  p re sen t  
work.
CHAPTER 5
DISCUSSION
The r e s u l t s  o f  th e  p re s e n t  work have been d e ta i le d  in  th e  p reced in g  
th re e  c h a p te rs . O p tic a l m icroscopy, scanning  and tra n sm iss io n  e le c tro n  
m icroscopy and X-ray topography have been used to  a n a ly se  th e  n a tu re  
o f  th e  .su rfa ce  damage on n e a r (111) s i l i c o n  as a fu n c tio n  o f  load  and 
d i r e c t io n  o f  a b ra sio n  u s in g  V ickers diamond pyramid in d e n te r  as a model 
p a r t i c l e .  I t  has been shown th a t  th e  in d e n ta tio n s  made a t  room 
tem p era tu re  under a l i g h t e r  load  o f  le s s  th an  10 gm produce a lo c a l is e d  
zone o f  deform ation  c o n s is t in g  o f  a v e ry  h igh  d e n s ity  o f  d is lo c a t io n s  
w ith in  a th in  la y e r  ('V'few m icrons) o f  s i l i c o n .  N ik iten k o , Myshlyaov 
and Eremenko (1968) and Eremenko and N ikitenko  (1972) have a lso  
re p o r te d  s im i la r  o b se rv a tio n s .
Now, in  o rd e r to  n u c le a te  d is lo c a t io n s  in  a  d is lo c a t io n  f r e e
s i l i c o n  s in g le  c r y s ta l  which has a h ig h  P e ie r ls  p o te n t ia l  (Suzuki (1963) )
th e  ap p lie d  s t r e s s e s  must be  i n . t h e  re g io n  o f  th e  th e o r e t i c a l  sh ea r 
-2s t r e s s  ( i . e .  >10 G). The q u e s tio n  i s  how such h igh  s t r e s s e s  a re
s e t  up d u rin g  an in d e n ta tio n  p ro c e ss . An answer to  t h i s  q u e s tio n  l i e s  
in  th e  fo llo w in g :
When an in d e n ta tio n  i s  made u n d e r  a l i g h t e r  lo a d , th e  p e n e tr a t io n  
o f  th e  in d e n te r  a t  th e  c o n ta c t p o in t i s  n o t to o  deep so t h a t  th e  
c o n ta c t o f  o n ly  th e  t i p  and th e  specimen need be c o n sid e re d . M oreover, 
ev idence shows th a t  th e  d is lo c a t io n s  a re  n u c le a te d  a t  th e  specim en- 
in d e n te r  in te r f a c e  in d ic a t in g  th e  im portance o f  th e  e l a s t i c  n a tu re  o f  
th e  m a te r ia ls  o f  th e  two c o n ta c tin g  s u r fa c e s . I f  th e  in d e n te r  and 
th e  specimen a re  e l a s t i c a l l y  d i f f e r e n t ,  a  r e l a t i v e  ta n g e n t ia l  movement 
o f  th e  two su rfa ce s  a t  th e  in te r f a c e  ta k e s  p la c e  as p o in te d  o u t by 
Johnson, O'Connor and Woodward (1973). This lo c a l is e d  movement o f  
th e  two su rfa c e s  i s  opposed by th e  lo c a l  f r i c t i o n  which may become 
h igh  i f  th e  su rfa c e  o f  th e  in d e n te r , specimen o r  bo th  a re  rough; th u s
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s e t t in g  up ta n g e n t ia l  su rfa c e  t r a c t io n s  a t  th e  in te r f a c e  as ex p la in ed
in  S ec tio n  4 -4 . The in d e n te r  (diamond, v = 0 .3 3 )  and th e  specimen
( s i l ic o n  v = 0 .26 ) in  th e  p re s e n t case a re  e l a s t i c a l l y  d i f f e r e n t  and
th e  in d e n te r  s u rfa c e  i s  found to  be rough on a m ic ro sca le . I f  a
m oderate va lue  o f  th e  c o - e f f ic ie n t  o f  f r i c t i o n  i s  taken  -  0 . 1 , th e
f r i c t i o n a l  t r a c t io n s  s e t  up a t  th e  specimen su rfa c e  have been e s tim a te d  
-2to  be ^10 G (which may vary  lo c a l ly  owing to  th e  lo c a l i s e d  v a r ia t io n  
o f  th e  c o - e f f ic ie n t  o f  f r i c t i o n  a t  th e  i n te r f a c e ) .  T h is v a lu e  o f  th e  
s t r e s s  i s  a lre a d y  in s id e  th e  re g io n  o f  th e  th e o r e t ic a l  sh e a r  s t r e n g th  
o f  s i l i c o n  and th u s  lead s  to  th e  n u c le a tio n  o f  d is lo c a t io n s  a t  room 
te m p era tu re , th e r e f o r e ,  i t  %s proposed h e re  th a t  th e  observed  d i s lo -  
c a tio n s  a t  th e  in d e n ta tio n  marks produced under l i g h t e r  loads a re  
n u c le a te d  by th e  f r i c t i o n a l  t r a c t io n s  a t  th e  in te r f a c e  as  a consequence 
o f  d i s s im i la r i ty  o f  th e  e l a s t i c  n a tu re  o f  th e  in d e n te r  and th e  specim en.
Greenwood and T ripp  (1967) have concluded th a t  th e  c o n ta c t o f  
rough su rfa c e s  under a l i g h t e r  load  i s  d i f f e r e n t  from th e  H e rtz ian  
case  o f  smooth c o n ta c t. But as th e  load  on th e  in d e n te r  i s  in c re a s e d , 
th e  s i tu a t io n  becomes c lo s e r  to  th e  H e rtz ian  c a se . One consequence o f  
th e  in c re a se d  in d e n te r  load  appears in  th e  form o f  in c ip ie n t  c rack s  
as have been d iscu ssed  by Lawn and Co-workers (1975) in  th e  case o f  
b r i t t l e  s o l id s .  I t  has been proposed th a t  th e  s t r e s s  f i e l d  round a 
c o n ta c t p o in t i s  s tro n g ly  dependent on th e  geom etry o f  th e  in d e n tin g  
to o l  b u t th e re  i s  a zone d i r e c t l y  benea th  th e  in d e n te r  where a l l  th e  
p r in c ip a l  s t r e s s e s  a re  e s s e n t ia l ly  com pressive. O utside t h i s  d rop ­
shaped zone o f  h y d ro s ta t ic  com pression, th e  s t r e s s  s t a t e  i s  de term ined  
by th e  th re e  p r in c ip a l  s t r e s s e s  0^ ,  a^ and as  ex p la in ed  in  S e c tio n  
1 -5 . They produce a f i e l d  o f  c irc u m fe re n tia l  t e n s i l e  s t r e s s  b o th  in  
th e  s u r fa c e  and in  th e  i n t e r i o r  o f  th e  specimen p roducing  a system  o f  
r a d i a l  c ra c k s . One o f  th e se  r a d ia l  c racks i s  c a l le d  th e  1median v e n t1 
and i n i t i a t e s  a long th e  normal to  th e  specim en s u rfa c e  d i r e c t l y  u n d e r
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th e  com pressive zone runn ing  in to  th e  specimen about th e  a x is  o f  
symmetry. As th e  load  i s  in c re a se d , th e  crack  extends f u r th e r  downwards 
(because o f  th e  e x tra  supply  o f  energy fo r  i t s  p ro p ag a tio n ) b u t s t a r t s  
c lo s in g  as th e  in d e n te r  load  i s  decreased  g e n e ra tin g  a new system  o f  
c ra ck s , th e  1l a t e r a l  v e n ts 1 ( in  th e  term inology o f  Lawn) which run 
n e a r ly  p a r a l l e l  to  th e  f r e e  su rfa c e  i n i t i a l l y  and l a t e r  l i f t  o f f  ch ips 
as th e y  in t e r s e c t  th e  a lre a d y  e x is t in g  unhealed r a d ia l  c racks and th e  . 
f r e e  su rfa c e  (F ig . 5 -1 ) .
D uring th e  p re s e n t work i t  was n o t p o s s ib le  to  see th e  developm ent 
o f  c racks as such and ch ip  fo rm ation  due to  th e  m echanical system  o f  
lo ad in g . Moreover, th e  c r y s t a l l i n i t y  o f  s i l i c o n  combined w ith  th e  
inhomogeneous s t r e s s  f i e l d  round th e  in d e n ta tio n s  co m plica tes  th e  
problem ; b u t i t  seems as i f  th e  mechanism o f  ch ipp ing  i s  u n d erstood  
though a t  p re s e n t on ly  q u a l i t a t iv e ly .  The cracks i n i t i a t e  from th e  
sh arp  co rn ers  o f  th e  pyramid m icrohardness in d e n te r  (F ig . 2-14) due 
to  c o n c e n tra tio n  o f  s t r e s s e s ;  i n i t i a l l y  they  extend r a d i a l l y  outw ards 
and when th e  in d e n te r  i s  unloaded , th e  l a t e r a l  v en ts  a re  i n i t i a t e d  as 
proposed by Lawn. The re s id u a l  s t r e s s e s  d u ring  u n lo a d in g  h e lp  in  
f u r th e r in g  th e  ex ten s io n s  o f  th e  l a t e r a l  c racks w h ile  th e  tendency o f  
th e se  ex ten s io n s  i s  such th a t  o n ly  th re e  ch ips a re  formed round 
in d e n ta tio n s  produced on n e a r (111) s i l i c o n  under in d e n te r  lo ad s  o f  
£50 gm, le av in g  beh ind  th re e  unequal c a v i t ie s  ex tend ing  tow ards th e  
[112]- type d i r e c t io n s .  I t  may w ell be a  c ry s ta l lo g ra p h ic  e f f e c t ,  b u t 
th e  su rfa c e s  o f  th e se  ch ip s and correspond ing  sca llo p -sh a p ed  c a v i t i e s  
a re  curved in  g e n e ra l. M oreover, th e  su rfa c e  t ra c e s  o f  th e  cracks 
d e f in in g  those  ch ips do n o t l i e  along  th e  <110>- d ir e c t io n s  and l i t t l e  
ev idence o f  f a c e t t in g  has been observed which should  be a n e c e ssa ry  
outcome o f  th e  a n iso tro p y  o f  th e  f r a c tu r e  su rfa c e  energy in  a C ry s ta l l in e  
m a te r ia l  l ik e  s i l i c o n .  Churchman, Geach and Winton (1956) have a ls o  
re p o r te d  th a t  c rack in g  does n o t occur on low index  c ry s ta l lo g ra p h ic
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p lan es  d u rin g  th e  in d e n ta t io n  p ro cess  a t  room tem p era tu re  on s i l i c o n  
o r  germanium. Thus i t  seems as i f  th e  ch ipp ing  i s  a p ro cess  o f  b r i t t l e  
f r a c tu r e  which does n o t p roceed  by cleavage on low index  p la n e s .
In  th e  case  o f  in d e n ta t io n  damage produced a t  l i g h t e r  lo a d s , growth
o f  la rg e  d is lo c a t io n  loops has taken  p la ce  a t  room tem p era tu re  due to
a c c id e n ta l  s t r e s s e s  because o f  h an d lin g  o f  th e  specimen f o i l s  d u ring
o r  a f t e r  specimen p re p a ra t io n  fo r  tra n sm iss io n  e le c tro n  m icroscopy
which shows th a t  th e  Burgers v e c to rs  o f  th e se  loops l i e  in  th e  <110>-
d ir e c t io n s  in c l in e d  to  th e  f o i l  p la n e . Moreover, s te ro m icro sco p y  and
tr a c e  a n a ly s is  (Appendix II) have shown th a t  th e se  d is lo c a t io n  loops
l i e  on th e  in c l in e d  s l i p  p la n es  having t h e i r  l in e  v e c to rs  along  th e
<110> d ir e c t io n s  in c l in e d  to  th e  s l i p  p la n e . Such an e f f e c t  has n o t
been re p o r te d  b e fo re . The re s id u a l  s t r a i n  f i e l d  o f  th e  p re s e n t  case in
which th e se  d is lo c a t io n  loops have moved i s  v e ry  complex and th e
s i tu a t io n  i s  f u r th e r  com plicated  by th e  p ro x im ity  o f  th e  two f r e e
s u r fa c e s . The d is lo c a t io n  g lid e  has in  f a c t  taken  p la c e  a t  a tem p era tu re
o f  0 .1 7  o f  th e  m e ltin g  p o in t  o f  s i l i c o n  b u t under such c o n d itio n s  th a t
i t  i s  d i f f i c u l t  to  e s tim a te  th e  m agnitude o f  th e  s t r e s s e s ,  The o n ly
q u a n t i ta t iv e  in fo rm atio n  e x tra c te d  from th e  i s o la te d  loop a t  th e
p o s i t io n  A in  F ig . 4-10 su g g ests  th a t  th e  sh ea r s t r e s s  opposing i t s  
Gb -2sh rin k ag e , —  ^  10 G has caused th e  movement o f  th e se  d is lo c a t io n s .
M oreover, th e  r e s u l t s  on th e  in d e n ta tio n  hardness in  s i l i c o n  show th a t
i t  depends s tro n g ly  on tem peratu re  above th e  Debye tem p e ra tu re , 0^ = 390°C
being  p r a c t i c a l l y  independent o f  tem p era tu re  below which has been
accounted f o r  by th e  h igh  P e ire ls  fo rce  in  s i l i c o n  (Suzuki (1963) ) t h a t
makes th e  movement o f  d is lo c a tio n s  im possib le  a t  low er a p p lie d  s t r e s s e s
in  th e  low tem p era tu re  range where th e  therm al energy  i s  too  low to
a s s i s t  th e  a p p lie d  s t r e s s  in  moving a d is lo c a t io n .  However, i f  th e
-2a p p lie d  s t r e s s  i s  h igh  ( i . e . -2 10 G), as i t  i s  in  th e  p re s e n t  c a se ,
th e  movement o f  d is lo c a t io n s  can tak e  p la c e  even a t  room te m p e ra tu re .
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The s i tu a t io n  can be looked a t  as a quantum m echanical tu n n e l l in g  p ro cess  
o f  a  d is lo c a t io n  th rough  th e  p o te n t ia l  b a r r i e r  due to  a h igh  P e ie r ls  
p o te n t ia l  ( l ik e  tu n n e ll in g  o f  e le c tro n s  through th e  p o te n t ia l  b a r r i e r s  
as in  th e  case  o f  conduction) as proposed by Gilman (1968).
The e f f e c t  o f  s l id in g  th e  diamond in d e n te r  on n e a r (111) s i l i c o n  
has a lso  been in v e s t ig a te d .  O p tic a l m icroscopy y ie ld s  l i t t l e  
in fo rm a tio n  f o r  l i g h t  s c ra tc h e s  (produced under a load  o f  $ 5 gm);
X -ray topography has re v e a le d  th e  s c ra tc h e s  made under a range o f  loads 
o f  £ 2 gm w h ile  in  tra n sm iss io n  e le c tro n  m icroscopy, th e  l i g h t e s t  
s c ra tc h e s  produced under a load  o f  0 .3  gm were in v e s t ig a te d .  I t  i s  
found th a t  th e  su rfa c e  damage can be in tro d u ced  v e ry  e a s i ly  i f  th et '
loaded  in d e n te r  i s  moved o n .th e  specimen su rfa c e  because th e  t e n s i l e  
s t r e s s e s  in  th e  wake o f  a s l id in g  in d e n te r  a re  in c re a se d  s ig n i f i c a n t ly  , 
(Hamilton and Goodman (1966) ) .  In  th e  p re s e n t  case th e  in d e n te r  i s  
com parative ly  h a rd e r th an  th e  specimen due to  which p l a s t i c  g rooving  
i s  a lso  observed  a t  l i g h t e r  lo ad s . - T ransm ission  e le c tro n
m icroscopy re v e a ls  t h a t  th e  r e s id u a l  s t r a i n  a s s o c ia te d  w ith  such a 
groove has a m ajor component normal to  i t s  le n g th . In  f a c t  th e  
deform ation  zone a s s o c ia te d  w ith  th e  l i g h t  s c ra tc h e s  i s  v e ry  com plicated  
b u t s t r a ig h t  d is lo c a t io n  l in e s  can be c le a r ly  seen  in  th e se  s c r a tc h e s .  
S t i c k le r  and Booker (1963) have a lso  re p o r te d  t h a t  s t r a i g h t  d is lo c a t io n  
l in e s  ly in g  a long  th e  <110>- d ir e c t io n s  a re  r e a d i ly  n u c le a te d  a t  room 
tem peratu re  when s i l i c o n  i s  abraded by diamond. Thus i t  seems as  i f  
th e  room tem peratu re  defo rm ation , bo th  in  s c ra tc h e s  and in d e n ta t io n s  
produced under l i g h t e r  loads i s  due to  n u c le a tio n  o f  d is lo c a t io n s .  In  
f a c t ,  th e  l a t t i c e  round a s c ra tc h  o r  in d e n ta tio n  i s  so h e a v ily  d i s to r t e d  
t h a t  a two beam co n d itio n  cannot be g e n e ra lly  ach ieved  in  o rd e r  to  
an a ly se  th e  n a tu re  o f  th e se  d is lo c a t io n s .  I t  i s  f o r  t h i s  re a so n  th a t  
th e se  d is lo c a t io n s  have n o t been c h a ra c te r is e d  so f a r .  But in  th e  
s i tu a t io n s  where deform ation  i s  n o t too  se v e re , th e  B urgers v e c to r s  o f
122
in d iv id u a l d is lo c a t io n s  w ith in  th e  s c ra tc h  groove a re  found to  be along 
th e  <110>- d ir e c t io n s  in c l in e d  to  th e  ( 111) whereas th e  d isp lacem ent 
v e c to r  o f  th e  re s id u a l  s t r a i n  round s c ra tc h e s  i s  in  th e  f o i l  p la n e .
X-ray topography o f  h e a v ie r  s c ra tc h e s  a lso  y ie ld s  s im ila r  in fo rm atio n  
in  th a t  th e  mode o f  deform ation  in s id e  and o u ts id e  th e  s c ra tc h  grooves 
a re  d i f f e r e n t  from each o th e r  (as w i l l  be d iscu ssed  l a t e r  in  t h i s  
c h a p te r ) .
The p a i r s  o f  s c ra tc h e s  produced under loads o f  £ 10 gm p a r a l l e l  
to  th e  <110>- and <112>- d ire c t io n s  have been found to  be asym m etric w ith  
re s p e c t  to  c rack in g  and ch ipp ing  re s p e c t iv e ly .  O p tic a l m icroscopy 
shows th a t  th e  two <IlO>- s c ra tc h e s  made o p p o s ite  to  each o th e r  have a 
lo n g itu d in a l symmetry in  th e  sense th a t  a l l  th e  fe a tu re s  o f  a [110] -  
s c ra tc h  a re  m irro r  images o f  th e  co rrespond ing  fe a tu re s  o f  th e  [110] 
s c r a tc h .  A system  o f  cracks o r ig in a te s  in  th e  <110>- s c ra tc h e s  on ly  
from one o f  t h e i r  s id e s  ( ly in g  a long th e  [112] -  d ir e c t io n )  making an 
acu te  ang le  w ith  th e  s c r a tc h  len g th  so t h a t  th e  sc ra tc h e s  a re  asym m etric 
l a t e r a l l y .  On th e  o th e r  hand, a [112]- s c r a tc h  shows chevron cracks 
ex tend ing  on bo th  o f  i t s  s id e s  th a t  a lso  make acu te  ang les w ith  th e  
s c r a tc h -  le n g th ; b u t t h e i r  t r a c e s  on th e  f r e e  su rfa c e  do n o t l i e  
a long  th e  <110>~ d i r e c t io n s .  The co rrespond ing  [112]- s c ra tc h e s  re v e a l 
a chain  o f  c a v i t i e s  a l l  a long  i t s  le n g th . A s tro n g  sense  e f f e c t  i s  
thus e x h ib ite d  in  th a t  th e re  i s  a s tro n g  lo n g itu d in a l asymmetry 
a s s o c ia te d  w ith  th e  <112>- s c ra tc h e s  th a t  p o ssess  l a t e r a l  symmetry 
o th erw ise  (B adrick , E ldeghaidy , P u tt ic k  and Shahid (1977), P u t t ic k  
and Shahid (1977) ) .  This seems to  be  in h e re n tly  a c ry s ta l lo g ra p h ic  
e f f e c t .  The {110} i s  a m irro r p lan e  and has th re e  v a r ia n ts ,  (110),
(101) and (O il) ,  p e rp e n d ic u la r  to  th e  (111), (F ig . 5 -2 ) , hav ing  t h e i r  
tr a c e s  a long  <112>- d i r e c t io n s .  I f  two s c ra tc h e s  a re  produced o p p o s ite  
each o th e r  a long  <112>- d ire c t io n s  ( i . e .  p a r a l l e l  to  th e  t r a c e  o f  th e  
m irro r  p lan e  ( 110) ) ,  a l a t e r a l  symmetry i s  expected  in  th e se  s c ra tc h e s
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IlO
101
112 112
/(111)
O il 101
F ig . 5-2
S tereogram  fo r  (111) s i l i c o n  su rfa c e .
ABC i s  th e  in v e r te d  te tra h e d ro n  
showing th e  d is p o s i t io n  o f  cleavage 
p la n es  ( 111) ,  ( 111) and ( 111) .
f i r s t l y  because th e  <112>- d i r e c t io n s  a re  co n ta in ed  in  th e  m ir ro r  
p lan e  and secondly  due to  th e  f a c t  t h a t  d is p o s it io n  o f  th e  c leav ag e  
p lan es  (shown in  F ig . 5-2) i s  sym m etric p e rp e n d ic u la r  to  th e  s c ra tc h in g  
d i r e c t io n .  However, th e s e  s c ra tc h e s  shou ld  possess  lo n g itu d in a l  
asymmetry because th e  (111) p lan e  has asym m etric in c l in a t io n  w ith  
re s p e c t to  th e  <112>- d i r e c t io n s .  Both th e se  e x p ec ta tio n s  have been 
borne o u t by o b se rv a tio n  as o u tl in e d  above. S c ra tch in g  p a r a l l e l  to  th e  
<110>- d ir e c t io n s  ( i . e .  p e rp e n d ic u la r  to  th e  tra c e  o f  th e  m ir ro r  p la n e  
(110) ) ,  r e s u l t s  in  th e  expected  l a t e r a l  asymmetry f i r s t l y ,  becauise th e  
d ir e c t io n s  o f  s c ra tc h in g  a re  n o t c o n ta in ed  in  th e  m irro r  p lan e  and 
secondly  th e  d is p o s i t io n  o f  th e  c leav ag e  p lan es  i s  asym m etric, 
p e rp e n d ic u la r  to  th e  d ir e c t io n s  o f  s c r a tc h in g  (F ig . 5 -2 ) . I t  ap p ears  
th a t  more c ra ck in g  r e s u l t s  when a c leav ag e  p lan e  runs down in to  th e
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specimen ahead o f  th e  s c ra tc h in g  to o l so th a t  when th e  s c ra tc h in g  d i r e c t io n  
i s  .[110] ,  th e  a c t iv e  c leavage p lan e  i s  (111) w hile i t  i s  (111) when a 
s c ra tc h  i s  produced. These cracks should l i e  on th e  s id e s  o f  
th e  <110>- s c ra tc h e s  hav ing  [112] -  d i r e c t io n  as t h e i r  normal as has 
a lso  been observed . However, th e  observed  lo n g itu d in a l symmetry in  
<110>- s c ra tc h e s  i s  e v id en t from a s im ila r  argument* When th e se  s c ra tc h e s  
a re  examined by X-ray topography, an enormous f i e l d  o f  s t r a i n  round 
th e  s c ra tc h e s  i s  observed . The unhealed  cracks round s c ra tc h e s  as 
d e te c te d  by o p t ic a l  m icroscopy a re  p robab ly  l e f t  wedged-open by f in e  
p a r t i c l e s  o f  d e b r is  so th a t  th e  m a te r ia l i s  d isp la ce d  d i s to r t i n g  
th e  l a t t i c e  lo c a l ly .  When th e  Bragg co n d itio n  i s  s e t  in  o rd e r  to  take  
an X-ray topograph , a range o f  t i e - p o in t s  on th e  d is p e r s io n  su rfa c e  
a re  e x c ite d  because o f  th e  v a r ia t io n  o f  th e  g lan c in g  an g le  w ith in  t h i s  
lo c a l is e d  zone o f  defo rm ation . Thus th e  sp read  o f  th e  g la n c in g  ang le  
about th e  Bragg angle  r e s u l t s  in  th e  e x tra  b lack en in g  in  th e  wings o f  
th e  s c ra tc h e s . The observed  sense  e f f e c t  on th e  topographs o f  th e  
<112>- s c ra tc h e s  accounts fo r  th i s  most co n v in c in g ly . In  th e  case  o f  
a  [1X2 ] -  s c r a tc h ,  th e  groove i s  bounded by a system  o f  chevron c rack s  
ex tend ing  to  la rg e  l a t e r a l  d is ta n c e s . These c racks cannot c lo se  in  
p e r f e c t  r e g i s t r y  because o f  th e  wedging a c tio n  o f  f in e  p a r t i c l e s  o f  
d e b ris  and when an X -ray topograph i s  tak en , enormous w in g s 'o f  c o n tr a s t  
round th e  s c ra tc h e s  r e s u l t  from th e  c rack-open ing  d isp lacem en ts  
p ro v id in g  a source  o f  sp read  o f  th e  g lan c in g  ang le  about th e  Bragg 
an g le . On th e  o th e r  hand, when th e  cracks a re  removed from th e  specim en 
because o f  th e  removal o f  c h ip s , th e  l a t t i c e  d is to r t io n s  a re  reduced  
a cco rd in g ly  to  narrow er ex ten s io n s  round a [112] -  s c r a tc h  r e s u l t in g  in  
narrow ing o f  th e  topo g rap h ic  c o n tra s t  (F ig . 3 -1 1 ). This a ls o  e x p la in s  
why th e  r e s u l t s  o f  X -ray topography a re  a p p a ren tly  o p p o s ite  to  th o se  
o f  o p t ic a l  m icroscopy o f  th e  <112>- s c r a tc h e s . R ecen tly  u s in g  a lo ad  
o f  50 gm on a c o n ica l in d e n te r ,  F. E ldeghaidy has a lso  seen a s im i la r
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e f f e c t  on n e a r  ( H I )  i n t r i n i s i c ,  l i g h t ly  and h e a v ily  doped s i l i c o n .
Such an e f f e c t  has n o t been dem onstrated so conv incing ly  b e fo re . The 
on ly  ev idence o f  a n iso tro p y  o f  <112>- sc ra tc h e s  on (111) s i l i c o n  i s  
found in  th e  p ap er by Renninger (1972). But h is  f in d in g s  do n o t show 
c le a r ly  w hether i t  i s  th e  [112] -  d ir e c t io n  o f  s c ra tc h in g  th a t  produces 
a narrow er to p o g rap h ic  c o n tr a s t  than  th a t  o f  th e  [112] -  s c r a tc h ;  r a th e r  
be rem arks t h a t  X -ray topography and o p t ic a l  m icroscopy 'b o th 1 show 
th a t  th e  [112]- s c ra tc h  i s  more damaged. M oreover, a n iso tro p y  i s  
a lso  im p l ic i t  i n  commercial s c r ib in g  p r a c t ic e  o f  th e  s i l i c o n  s u b s tr a te s  
However, th e  a n iso tro p y  in  th e  <112>- s c ra tc h e s  o f  th e  p re s e n t case  
i s  in  agreem ent w ith  th e  r e s u l t s  o f  Wilks and Wilks (1972) f o r  th e  
a b ra s io n  o f  diamond. They have shown th a t  on a n e a r  (111) diamond 
su rfa c e  t i l t e d  s l i g h t l y  tow ards (110) ,  th e  [112] i s  an easy  d i r e c t io n  
o f  a b ra s io n  compared w ith  th e  [112] d i r e c t io n  from th e  m a te r ia l  removal 
p o in t  o f  view . A s im ila r  r e s u l t  has been e s ta b lis h e d  in  th e  case  o f  
s i l i c o n .  W ilks and Wilks used Tolkowsky's model (1920) to  e x p la in  
t h i s  a n iso tro p y  in  which th e  removal o f  m a te r ia l from diamond i s  
e s s e n t i a l ly  by a 'm ic ro -c lea v a g e 1 p ro c e ss . In  th e  p re s e n t  case  th e  
wear fragm ents a re  in  th e  form o f  b ig  c h ip s , so one m ight ex p ec t to  
f in d  th e se  approxim ating  in  shape to  th e  m icrocleavage b lo ck s  o f  t h e i r  
model. However t h i s  e x p ec ta tio n  i s  n o t borne o u t by o b se rv a tio n . In  
f a c t  th e  ch ips a re  bounded by su rfa ce  t r a c e s  which make a cu te  an g les  
w ith  th e  s c ra tc h  d i r e c t io n  so th a t  th e  ch ip  c a v i t ie s  in  g en e ra l have 
no s ig n  o f  f a c e t t in g ,  hav ing  i r r e g u la r ly  curved s u r fa c e s . Thus th e  
b lock  model proposed by Wilks and Wilks fo r  th e  removal o f  th e  m a te r ia l  
as a m icrocleavage p ro cess  seems n o t to  be a p p ro p r ia te  fo r  s i l i c o n .
The p re s e n t f in d in g s  have im p o rtan t im p lic a tio n  fo r  th e  p o l is h in g  
in d u s try  where removal o f  th e  m a te r ia l w ith o u t in tro d u c in g  damage in  
th e  specimen i s  o f  g re a t im portance . Now, th e  u n d e s ira b le  d e ep -se a ted  
damage in  a specimen i s  due to  th e  median v en t c racks which a r i s e s
because o f  th e  in d e n ta tio n  p ro c e ss . On th e  o th e r  hand removal o f  m a te r ia l  
i s  b rough t about by th e  l a t e r a l  v en t c rack s ; th e  s c ra tc h in g  i s  a means o f  
in c re a s in g  l a t e r a l  ven t cracks when a s i l i c o n  specimen i s  abraded in  
th e  [112]- d i r e c t io n  on (111) s u r fa c e . Thus th e  need i s  to  improve th e  
e x is t in g  sawing and p o lis h in g  tech n iq u es  so th a t  th e  'w eakness ' o f  th e  
m a te r ia l  in  th e s e  d ir e c t io n s  cou ld  be u s e f u l ly  e x p lo ite d .
X-ray topography has shown th a t  th e  e x te n t o f  th e  to p o g rap h ic  
c o n tra s t  round a s c ra tc h  i s  s tro n g ly  dependent n o t on ly  on th e  in d e n te r  
lo ad  and s c ra tc h in g  d i r e c t io n  b u t a lso  on th e  r e f l e c t i o n  used  to  produce 
a topograph* Using th e  g. u co n d itio n  (where u i s  th e  d isp lacem en t 
v e c to r  in  th e  s t r a i n  f i e l d  and g i s  th e  r e f le c t io n  v e c to r ) ,  i t  has been 
p o s s ib le  to  an a ly se  th e  n a tu re  o f  th e  re s id u a l  f i e l d  o f  s t r a i n  rbund th e  
su r fa c e  damage. X-ray topography has shown th a t  th e re  a re  two d i s t i n c t  
ty p es  o f  c o n tra s t  a s s o c ia te d  w ith  a s c ra tc h ;  th e  type  I in s id e  th e  groove 
and th e  type I I  o u ts id e  i t .  The ty p e  I I  appears s tro n g ly  w ith  maximum 
l a t e r a l  ex ten s io n s  when th e  r e f l e c t io n  v e c to r  i s  normal to  th e  s c r a tc h  
le n g th  b u t shows a re d u c tio n  in  i t s  l a t e r a l  ex ten s io n s  when th e  g- v e c to r  
i s  p a r a l l e l  to  th e  s c ra tc h  le n g th . T his in d ic a te s  a  m ajor component o f  
th e  d isp lacem ent p e rp e n d ic u la r  to  th e  le n g th  o f  th e  s c r a tc h  and ly in g  
p a r a l l e l  to  th e  f r e e  s u rfa c e  o f  th e  specim en. On th e  o th e r  hand , th e  type  
I shows a maximum c o n tra s t  i f  th e  g- v e c to r  i s  p a r a l l e l  to  th e  s c r a tc h  
ax is  and a minimum i f  th e  g- v e c to r  i s  norm al to  i t .  T his su g g es ts  th a t  
th e  two types o f  c o n tra s t  a re  complementary to  each o th e r  in  t h a t  th e  
type  I has a s tro n g  component p a r a l l e l  to  th e  s c ra tc h  le n g th . But th e re  
a re  some o th e r  components in  th e  ty p e  I c o n tr a s t  as w e ll co rresp o n d in g  
to  th e  dark p a tch es  when g- v e c to r  i s  normal to  th e  s c ra tc h  le n g th . 
However, i t  i s  d i f f i c u l t  to  c h a r a c te r is e  th e se  components due to  o v e r­
lap p in g  o f  th e  c o n tra s t  under d i f f e r e n t  r e f l e c t io n s .  Now, th e  re g io n s  in  
p h y s ic a l c o n tac t w ith  th e  s l id in g  in d e n te r  have la rg e  com pressive s t r e s s e s  
w ith  a component o f  'd r a g 1 p a r a l l e l  to  th e  s c ra tc h in g  d i r e c t io n .  O u tside
the . g rooves, c rack in g  i s  a r e s u l t  o f  th e  t e n s i l e  s t r e s s e s  in  th e  wake o f  
th e  th e  moving s l i d e r .  The cracks make acu te  angles w ith  th e  s c ra tc h in g  
d i r e c t io n  in d ic a t in g  a m ajor component o f  s t r a i n  normal to  th e  s c ra tc h  
a x is ,  which has been c o r r e c t ly  d e te c te d  by X-ray topography. M oreover,
Mo k a ^ ra d ia tio n  does n o t h e lp  to  e lu c id a te  th e  sense o f  d isp lacem en t 
because fo r  th e  th ic k n e ss  ( t  ^  280ym) o f  th e  c ry s ta ls  used y t  ^ 1 (where 
y i s  th e  a b so rp tio n  c o e f f ic ie n t)  and no c o n tra s t  r e v e r s a l  ta k e s  p la c e  
when g i s  changed to  -g . Using Cu ka  ^ r a d ia t io n ,  fo r  which y t  ^  4 , s tro n g  
c o n tr a s t  r e v e r s a l  ta k es  p la c e  on changing g to  -g . E x tra  b lack en in g  in  
an anomalous X -ray tra n sm iss io n  topograph in d ic a te s  t h a t  th e  g- v e c to r  i s  
p a r a l l e l  to  u so th a t  g. u i^  p o s i t iv e  in  dark reg ions (and n e g a tiv e  in  
th e  w h ite  reg io n s  due to  a n t i - p a r a l le l i s m  o f  g and u ) . This in d ic a te s  
t h a t  th e  s t r a i n  f i e l d  round th e  s c ra tc h e s  forming th e  type  I I  c o n tr a s t  
i s  in  a  s t a t e  o f  p la n e - s t r a in  com pression having i t s  d isp lacem en t v e c to rs  
d ire c te d  outw ards a long  th e  norm als o f  th e  s c ra tc h  le n g th  on b o th  o f  i t s  
s id e s .  This ag rees w ith  th e  r e s u l t s  o f  F rank, Lang, Lawn and W ilks (1967) 
fo r  th e  m icroab rasion  o f  diamond. They have shown th a t  th e  s t r e s s  s t a t e  
round th e  micro a b ra s io n s  on a diamond su rfa c e  i s  a p lan e  s t r a i n  
com pression hav ing  th e  s t r e s s  components d ire c te d  norm ally  outw ard b u t 
ly in g  in  th e  s u rfa c e  a l l  a long  th e  p erphery  o f  th e  mi crab r  as io n .
A nnealing o f  th e  specim ens c a r ry in g  th e  su rfa ce  damage r e s u l t s  in  
r e la x a t io n  o f  th e  a s s o c ia te d  s t r a i n  f i e l d  producing d is lo c a t io n  g l id e  to  
la rg e  e x te n s io n s . I t  has been shown in  s e c tio n  3-6 th a t  th e  therm al 
s t r e s s e s  o(= aEAT) due to  a tem pera tu re  d if fe re n c e  o f  one o r  two degrees
in  v a rio u s  p a r t s  o f  th e  specimen du rin g  h e a tin g  o r  co o lin g  o f  a s u b s t r a te
7 2i s  'vdO dynes/cm . The y ie ld  s t r e s s  re p o r te d  by Pearson e t  a l .  (1957) f o r
8 2movement o f  d is lo c a t io n s  in  s i l i c o n  a t  1000° ( -  7 X 10 dynes/cm  ) i s  
much h ig h e r  than  t h i s  v a lu e . T h e re fo re , th e  therm al s t r e s s e s  a re  n o t 
s u f f i c i e n t  to  produce d is lo c a t io n  g l id e .  However, as th e  tem p e ra tu re  i s  
r a i s e d ,  th e  therm al energy p e r  v ib r a t io n a l  mode (J  kT) in c re a s e s  w h ile
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th e  a c t iv a t io n  energy f o r  th e  movement o f  a d is lo c a t io n  d e c re a se s .
M oreover, th e  e x te n t o f  d is lo c a t io n  g lid e  round th e  s c ra tc h e s  made under 
d i f f e r e n t  loads and same d i r e c t io n s ,  and under same load  b u t d i f f e r e n t  
d i r e c t io n s .r e v e a ls  t h a t  th e  -residual s t r e s s  p la y s  an im p o rtan t ro le  in  
th e  th e rm a lly  a c t iv a te d  p l a s t i c  flow . Thus th e  d is lo c a t io n s  a re  g en era ted  
from th e  su rfa c e  damage due to  r e la x a t io n  o f  th e  r e s id u a l  s t r e s s  a ided  
by th e  therm al p ro c e ss .
The g . b c r i t e r io n  makes i t  p o s s ib le  to  analy se  th e  n a tu re  o f  
th e se  d is lo c a t io n s .  For in s ta n c e ,  i t  has been found th a t  a l l  th e  a s s o c ia te d  
Burgers v e c to rs  l i e  in  th e  (111) p lan e  making a sm all ang le  w ith  th e  
specimen s u r fa c e . The d is lo c a t io n  h a lf - lo o p s  g en era ted  from th e  [112]- 
s c ra tc h e s  have t h e i r  Burgers v e c to rs  norm al to  th e  s c ra tc h  le n g th . The 
maximum d is ta n c e  to  which a d is lo c a t io n  loop round a 20 gm [TI2] — 
s c ra tc h  expands i s  about 200 ym ( in  th e  topograph o f  F ig . 3-10 produced 
U nder th e  220- r e f l e c t i o n ) .  I f  th e  h a lf - lo o p s  a re  supposed to  l i e  on an 
in c l in e d  s l i p  p la n e , then  on a g eo m etrica l b a s is  t h e i r  expansion  co rresponds 
to  a c r y s ta l  th ic k n e ss  o f  about 380 ym. The a c tu a l th ic k n e ss  o f  th e  
s u b s tr a te s  a f t e r  removing th e  saw damage from th e  back s u r fa c e  i s  about 
280 ym. This shows th a t  th e  d is lo c a t io n s  a re  indeed  g l id in g  on th e  (111) 
p lan e  n e a r ly  p a r a l l e l  to  th e  f r e e  s u r fa c e . This co n clu sio n  to g e th e r  w ith  
th e  sense  o f  Burgers v e c to rs  o f  th e se  h a lf - lo o p s  i s  in  good agreem ent 
w ith  th e  s t r a in  f i e l d  o f  th e  unannealed  [112] — s c ra tc h e s .
I f  th e  co nclusions about th e  r e la x a t io n  o f  th e  s t r a i n  f i e l d  round 
th e  [112] -  s c ra tc h e s  a re  g e n e ra lis e d  to  in c lu d e  th e  o th e r  d i r e c t io n s  o f  
s c r a tc h in g , one m ight expec t th e  fo llo w in g  s i tu a t io n s :
(a) d is lo c a t io n  g lid e  from th e  [112] -  s c ra tc h e s  by th e  movement 
o f  predom inan tly  edge d is lo c a t io n s  in  th e  ( 111) p la n e  n e a r ly  
p a r a l l e l  to  th e  f r e e  su rfa c e  as o u tl in e d  above.
(b) l i t t l e  o r  no g lid e  from th e  [112] -  s c ra tc h e s  because a 
m ajor p a r t  o f  'the r e s id u a l  s t r e s s  has a lre a d y  been re la x e d
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in  removing m a te r ia l in  th e  form o f  ch ip s.
Cc) g lid e  on th e  Q l l )  p lan e  from th e  < l!o> - s c ra tc h e s
by movement o f  equal number o f  [101] and [O il] -  d i s lo c a t io n s .  
This should  be observed  on ly  on one s id e  o f  th e  s c r a tc h e s .
The e x p e c ta tio n s  (a) and (b) a re  b ro a d ly  r e a l i s e d .  However, th e  
[112]- s c ra tc h e s  a re  a s s o c ia te d  w ith  a d d it io n a l  Burgers v e c to rs  a long  
th e  [101], This in d ic a te s  th a t  th e  s t r a i n  f i e l d  o f  th e  unannealed [1123- 
s c ra tc h e s  have an im p o rtan t component in  th i s  d i r e c t io n  as w e ll. The 
e x p e c ta tio n  (c) i s  n o t r e a l i s e d  in  f u l l  though th e  p ro b ab le  sense  o f  
B urgers v e c to rs  does appear a t  l e a s t  round th e  [110]- s c ra tc h e s . The ,. 
g lid e  from th e se  s c ra tc h e s  does n o t occur on th e  ( 111) p lan e  b u t on th e  
s l i p  p lan es  (111) and ( i l l )  in c l in e d  to  th e  (111). This i s  e v id e n t from 
th e  open loop segments in te r s e c t in g  th e  f r e e  s u r fa c e . There a re  some 
h a lf - lo o p s  on th e  [112] -  s id e  o f  th e  [110] -  s c ra tc h e s  hav ing  t h e i r  
B urgers v e c to rs  in  th e  [101]- d i r e c t io n .
Gerward (1970) has a lso  re p o r te d  an experim ent in  which he p u t 
f l i g h t ! s c ra tc h e s  on a d is lo c a t io n  f r e e  ( 111) s i l i c o n  under undefined  
loads and unknown d i r e c t io n s .  In  th e  l i g h t  o f  th e  p re s e n t  experim ents 
i t  can be assumed th a t  th e  s c ra tc h e s  in  h is  case  were produced under 
loads o f  more than  20 gm. He a lso  n o tic e d  th e  d is lo c a t io n  g lid e  from 
th e se  s c ra tc h e s  when th e  specimens were annealed  a t  tem p era tu res  above 
900°C. H is rem arks on th e  B urgers v e c to rs  o f  d is lo c a t io n  loops th a t  
th ey  la y  in  th e  ( 111) p lan e  and a long  th e  norm al to  th e  s c r a tc h  from 
which th e  loops were punched su g g es ts  th a t  th e  co rrespond ing  s c ra tc h e s  
were approx im ate ly  p a r a l l e l  to  th e  [112] -  d i r e c t io n .
Even a f t e r  an n ea lin g  th e  specim ens, X -ray topography f a i l s  to  
re so lv e  com pletely  th e  damage in s id e  th e  s c ra tc h  groove. M oreover,
X -ray topography f a i l s  to  d e te c t  any movement o f  d is lo c a t io n s  round l i g h t  
s c ra tc h e s  a f t e r  an n ea lin g  a lthough  narrow ing o f  th e  s t r a i n  f i e l d  i s  
observed  in d ic a t in g  th e  p o s s i b i l i t y  o f  d is lo c a t io n  g lid e  (compare 5 gm
s c ra tc h e s  in  F ig s . 3-10 and 3^16}. However, tra n sm iss io n  e le c tro n  
m icroscopy has re v ea led  movement o f  d is lo c a tio n s  round l i g h t  s c ra tc h e s  
a s  w e ll .  The d is lo c a t io n  geom etries o u ts id e  th e  grooves a re  s im ila r  to  
th e  ones d e te c te d  by X -ray topography o f  th e  [112]- s c ra tc h e s  made under 
h e a v ie r  lo a d s . The g . b c r i t e r io n  once again  lead s  to  th e  conclusion  
th a t  th e  d is lo c a t io n s  o u ts id e  th e  grooves have t h e i r  Burgers v e c to rs  
ly in g  in  th e  (111) p la n e . On th e  o th e r  hand, in s id e  th e  s c ra tc h  grooves, 
movement o f  d is lo c a t io n s  tak es  p la c e  on s l i p  p lan es  in c l in e d  to  th e  
su rfa c e  as w e ll as th e  (111) 's u r f a c e 1 p la n e . T h e ir  Burgers v e c to rs  a lso  
l i e  a long  th e  <110>- d ire c t io n s  bo th  in  th e  in c l in e d  s l i p  p lan es  and th e  
(111) su rfa c e  p la n e . Thus th e  s l i p  system s o f  l i g h t  s c ra tc h e s  a lso  agree 
w ith  th e  s t r a i n  f i e ld s  o f  th e  types I and I I  o f  th e  unannealed  s c r a tc h e s .  
But th e re  seems to  be asymmetry in  d is lo c a t io n  g lid e  fo r  th e  [-112] — 
s c ra tc h e s  as w e ll as th e  <110>- s c r a tc h e s .  The fo rm er, u n lik e  th e  l a t t e r  
i s  d i f f i c u l t  to  i n t e r p r e t  in  term s o f  th e  symmetry o f  th e  s i l i c o n  l a t t i c e .  
However, th e  r e s u l t s  in d ic a te  th a t  th e  r e la x a t io n  o f  th e  r e s id u a l  s t r e s s  
round th e  s c r a tc h e s ,  though com plicated , may be re so lv e d  in to  a number 
o f  independent components each o f  which may be re p re se n te d  by a sim ple  
d is lo c a t io n  model.
The c le a r e s t  i l l u s t r a t i o n  o f  t h i s  i s  th e  case  o f  a [112]- s c r a tc h .  
The topographs o f  th e  unannealed s c ra tc h e s  show th a t  an im p o rtan t compo­
n e n t o f  th e  s t r a i n  f i e l d  resem bles th a t  round a b ra s io n  on a diamond 
su rfa c e  (Frank e t a l . ) ;  showing a su rfa c e  com pression which cou ld  be 
m odelled by an a rra y  o f  edge d is lo c a t io n  l in e s  p a r a l l e l  to  th e  s c r a tc h  
le n g th , to g e th e r  w ith  an a rra y  o f  image d is lo c a t io n s  to  tak e  in to  account 
th e  p ro x im ity  o f  th e  f r e e  su r fa c e . This re p re s e n ta t io n  i s  sk e tch ed  in  
F ig . 5 -3  and c o n s is ts  o f  edge d is lo c a t io n  d ip o le s . Though t h i s  i s  n o t 
q u i te  p re c is e  as a d e s c r ip t io n  o f  th e  s t r a i n  f i e l d  b u t has th e  m e rit th a t  
i t s  r e la x a t io n  can be sim ply analysed . I t  i s  assumed th a t  th e  a r ra y  i s  
h e ld  in  p o s i t io n  a g a in s t  th e  e l a s t i c  re p u ls io n  o f  i t s  members by th e
131
fo rce s  o f  l a t t i c e  f r i c t i o n .  The e f f e c t  o f  a n n ea lin g  re la x e s  th e  a rra y  
by low ering th e  fo rces  which a re  s tro n g  fu n c tio n  o f  tem p era tu re .
’
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Fig . 5-1
Schem atic o f  th e  development o f  ven t c racks under a p o in t in d e n te r . 
Median v en t cracks (marked MV in  th e  F ig u res) form during  lo ad ing  
h a l f  cy c le  (s te p s  (a) to  (c) ) .  The l a t e r a l  v en t cracks (marked 
LV) form during  unload ing  h a l f  cy c le  (s te p s  (d) to  ( f ) . F ra c tu re  
i n i t i a t e s  from th e  in e l a s t i c  defo rm ation  zone (dark  reg io n s in  
F igu res)*  P fs denote load  on th e  in d e n te r  ( a f t e r  Lawn and Sw ain).
T T T T T
-L ±
(b)
F ig . 5 -5
(a) S tre s s  f i e l d  o f  a su rfa c e  a b ra s io n  ( a f t e r  Frank, Lawn, 
Lang and W ilk s).
(b) S tr e s s  f i e l d  round a s c ra tc h  re p re se n te d  by a group o f  
p a r a l l e l  l ik e -s ig n e d  edge d is lo c a t io n s  w ith  co rrespond ing  
im ages.
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CHAPTER 6 
CONCLUSION
SUMMARY
1. A sy stem a tic  s tudy  o f  th e  a b ra s io n  damage on n e a r (111)' 
s i l i c o n  has been c a r r ie d  out as a fu n c tio n  o f  load  and 
d i r e c t io n  o f  a b ra s io n  u s in g  a V ickers diamond m icrohardness 
in d e n te r .
2. O p tic a l and scanning  e le c tro n  m icroscopy y ie ld  l i t t l e  
in fo rm atio n  fo r  s c ra tc h e s  and in d e n ta tio n s  made under l i g h t e r  
loads o f  £5 gm. , ;
3. T ransm ission  e le c tro n  m icroscopy shows th a t  th e  defo rm ation  
zone a s s o c ia te d  w ith  l i g h t  s c ra tc h e s  o r  in d e n ta tio n s  i s  due to  
n u c le a tio n  o f  a h igh  d e n s ity  o f  d is lo c a t io n s  w ith o u t any s ig n
o f  c rack in g  w ith in  a th in  la y e r  o f  th e  s u r fa c e . The d i f f r a c t i o n  
c o n d itio n s  cannot be s e t  u n ifo rm a lly  a l l  over th e  im p ress io n .
4 . The d is lo c a t io n s  o f  (3) above, a re  produced due to  ta n g e n t ia l  
f r i c t i o n a l  t r a c t io n s  s e t  up a t  th e  su rfa c e  because  o f  d is s im i­
l a r i t y  o f  th e  e l a s t i c  n a tu re  o f  th e  diamond in d e n te r  and th e  
s i l i c o n  specim en.
-25. A ccid en ta l s t r e s s e s  due to  h an d lin g  Cv10 G) cause  movement 
o f  d is lo c a t io n  sh ear Loops from th e  s l i g h t e s t  s u rfa c e  damage 
(due to  th e  in d e n te r  load  o f  0 .3  gm). The loops move on 
in c l in e d  s l i p  p lan es  which c o n ta in  t h e i r  B urgers v e c to r s .
6 . T ransm ission  e le c tro n  m icroscopy a lso  shows c ra ck in g  and 
ch ipp ing  a long  w ith  th e  n u c le a tio n  o f  d is lo c a t io n s  a t  th e  
in d e n ta tio n  marks produced under a load  o f  10 gm. But o p t ic a l  
and scanning  e le c tro n  m icroscopy p ro v id es  l i t t l e  in fo rm a tio n  
a t  such lo a d s .
O p tic a l m icroscopy shows long range c rack in g  and subsequent 
ch ipp ing  round in d e n ta tio n s  a t  th e  in d e n te r  loads o f  530 gm.
The c rack s  do n o t fo llow  th e  <110>- d ire c t io n s  so t h a t  ch ipp ing  
does n o t proceed on low index  p la n e s . Moreover th e  ch ip s  a re
removed due to  th e  re s id u a l  s t r e s s e s  a f t e r  th e  in d e n te r  has
■ ^  -
been tak en  o f f .
In  th e  case  o f  s c ra tc h e s , th e  sense  o f  s c ra tc h in g  becomes 
im portan t on a n ea r CHI) s i l i c o n  s u rfa c e .
O p tica l m icroscopy shows lo n g itu d in a l symmetry and l a t e r a l  
asymmetry in  th e  p a i r s  o f  < l l0 >- sc ra tc h e s  produced o p p o s ite  
to  each o th e r  under a s im ila r  lo a d . These s c ra tc h e s  a reI '1
a s s o c ia te d  w ith  c rack s  p ro p ag a tin g  a t  a cu te  an g les  on o n ly  one 
o f  t h e i r  s id e s  (which l i e s  a long  th e  [112] -  d i r e c t i o n ) .
The <112>- s c ra tc h e s  show lo n g itu d in a l asymmetry when in d e n te r  
load  i s  510 gm. A [112]- s c ra tc h  th en  shows a system  o f  
chevron crack s  on bo th  o f  i t s  s id e s  w hile a [112] -  s c r a tc h  
has a chain  o f  fan -shaped  ch ip  c a v i t i e s  a l l  a long  i t s  le n g th .
On a n ea r (111) s i l i c o n ,  [112] i s  a s o f t  d i r e c t io n  compared 
w ith  th e  [112] from th e  m a te ria l-rem o v a l p o in t  o f  view .
X -ray topography shows a w ider f i e ld  o f s t r a i n  in  th e  form o f  
dark  wings o f  c o n tra s t  round s c ra tc h e s . The w idth  o f  th e  
c o n tr a s t  i s  (20-40) tim es more th an  th e  p h y s ic a l groove under 
d i f f e r e n t  s c ra tc h in g  d i r e c t io n s  and in d e n te r  lo a d s .
There i s  no sense  e f f e c t  on an X -ray topograph between th e  
p a i r s  o f  s c ra tc h e s  in  <110> produced under s im ila r  lo a d s .
X -ray topography shows a s tro n g  sen se  e f f e c t  between th e  p a i r s  
o f  s c ra tc h e s  produced in  th e  <112>- d ir e c t io n s  under a lo ad  
o f  *10 gm. A [112]- s c r a tc h  shows a narrow er f i e l d  o f  c o n t r a s t  
compared to  th e  [112] -  s c r a tc h  produced under a s im i la r  lo a d .
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15. The sense  e f f e c t  d e te c te d  by o p t ic a l  m icroscopy i s  a p p a re n tly  
o p p o s ite  to  th e  one d e te c te d  by X-ray topography o f  th e  <112>- 
s c r a tc h e s .
16. The w idth o f  th e  f i e l d  o f  c o n tra s t  round th e  s c ra tc h e s  i s  due 
to  th e  long range c ra c k s . When th e  ch ip s  a re  l i f t e d  removing
* c rack s  from a [112] -  s c r a tc h ,  th e  w idth  o f  th e  c o n tr a s t  
d e c rea se s  p roducing  a n iso tro p y  in  th e se  d i r e c t io n s .
17. The c o n tra s t  a r i s in g  from th e  re s id u a l  s t r a i n  round th e  s u rfa c e  
damage i s  s tro n g ly  dependent on th e  r e f l e c t i o n  used  to  ta k e  a 
to p o g rap h . The g^  . u c r i t e r i o n ,  th e re fo re ,  can be used  to  
an a ly se  th e  n a tu re  o f  th e  r e s id u a l  s t r a in  round th e  su rfa c e  
damage.
18. There a re  two ty p es  o f  d isp lacem ent v e c to rs  a s s o c ia te d  w ith  
an un-annealed  s c ra tc h :
( i )  th e  type  I in s id e  th e  groove hav ing  a m ajor component 
p a r a l l e l  to  th e  s c ra tc h in g  d i r e c t io n .
( i i )  th e  ty p e  I I  o u ts id e  th e  groove having  d isp lacem en t v e c to r s  
normal to  th e  s c ra tc h  le n g th . The r e s id u a l  s t r e s s e s
a re  d ir e c te d  outwards on bo th  s id e s  o f  th e  s c ra tc h e s  so 
t h a t  th e  m a te r ia l  i s  l e f t  in  a s t a t e  o f  p la n e  s t r a i n  
com pression.
19. The in d e n ta tio n s  a re  a s s o c ia te d  w ith  a  r a d ia l  component o u ts id e
th e  c e n tr a l  zone o f  com pression. A l in e  o f  no c o n tr a s t
in d ic a t in g  th e  r a d ia l  component appears always norm al to  th e  
r e f l e c t io n  v e c to r .
20. A nnealing o f  th e  s i l i c o n  specim ens r e s u l t s  in  d is lo c a t io n  g l id e
from th e  su rfa c e  damage due to  th e  r e la x a t io n  o f  th e  r e s id u a l
s t r e s s e s .  The n a tu re  o f  th e s e  d is lo c a t io n s  and e x te n t o f  
t h e i r  g l id e  depends on th e  s c ra tc h in g  d i r e c t io n  and in d e n te r -
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lo a d . X-ray topography does n o t re v e a l movement o f  d is lo c a t io n s  
from sc ra tc h e s  produced under loads o f  $5 gm.
21. The th e rm a lly  a c t iv a te d  d is lo c a t io n s  have t h e i r  Burgers 
v e c to r s  ly in g  in  th e  (111) p lan e  n e a r ly  p a r a l l e l  to  th e  f r e e  
su rfa c e  i r r e s p e c t iv e  o f  load  (^10 gm) and d i r e c t io n  o f  
s c ra tc h in g .
22. The [112]- s c ra tc h e s  do n o t em it d is lo c a t io n s  w h ile  from th e  
[ U 2] -  s c ra tc h e s  d is lo c a t io n  h a l f  loops g l id e  on ( 111) p lan e  
(n e a r ly  p a r a l l e l  to  th e  f r e e  s u r f a c e ) ,  Burgers v e c to rs  o f  th e se  
d is lo c a t io n  loops l i e  along  th e  <110>- d i r e c t io n s .  60° 
d is lo c a t io n s  having  t h e i r  Burgers v e c to rs  a long  th e  [101] 
d i r e c t io n  a re  a lso  em itted  from th e  [112] -  s c r a tc h e s .
23. The d is lo c a t io n  loop segments in te r s e c t in g  th e  f r e e  su rfa c e  
em itte d  from th e  <110 >- s c ra tc h e s  move on th e  s l i p  p la n es  
in c lin e d  to  th e  (111). T h e ir Burgers v e c to rs  a lso  l i e  in  th e  
(111) p lan e  p a r a l l e l  to  th e  [O il] -  and th e  [101]- d i r e c t io n s .
24. D is lo c a tio n  loops a re  a lso  e m it t e d  from th e  f a u l ty  s c r ib e - l in e  
and th e  damage o f  th e  sawing on th e  b ack -su rfac e  o f  th e  ( 111) 
s l i c e s .  They a lso  g lid e  on (111) p lane  and have t h e i r  B urgers 
v e c to rs  a long  [101] .
25. T ransm ission  e le c tro n  m icroscopy o f  th e  annealed  s c ra tc h e s  
produced under l ig h te r  loads show:
(a) In s id e  th e  fg ro o v e s ', th e  d is lo c a t io n  g l id e  ta k e s  p la c e  
on th e  s l i p  p lan es  bo th  in c lin e d  and th e  ( 111) n e a r ly  
p a r a l l e l  to  th e  f r e e  s u r fa c e . T heir B urgers v e c to rs  
a lso  l i e  a long  th e  <110>- d i r e c t io n s  bo th  to  th e  (111) 
and ly in g  in  i t .
(b) O u tside  th e  s c ra tc h  grooves th e  d is lo c a t io n  h a l f - lo o p s  
g lid e  on n e a r (111) p la n es  and t h e i r  B urgers v e c to r s  l i e  
in  th e  ( 111) p la n e .
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26. In  tra n sm iss io n  e le c tro n  m icroscopy, sh arp  image o f  a d i s lo ­
c a tio n  r e s u l t s  when th e  d e v ia tio n  param eter i s  s l i g h t l y  
p o s i t iv e .  S tereom icroscopy and a v e c to r  method have been 
used to  an a ly se  th e  l in e  d i r e c t io n s  o f  d is lo c a t io n s .
6 -2 . FUTURE WORK
I t  has been shown d u rin g  th e  p re s e n t work th a t  th e  [112]- d i r e c t io n  
i s  an easy  d i r e c t io n  o f  s c ra tc h in g  on a n e a r (111) s i l i c o n  t i l t e d  s l i g h t l y  
( 3°) tow ards (110) about th e  [110] -  a x i s . i n  th a t  th e  m a te r ia l  i s  removed 
e a s i ly  in  th e  form o f  c h ip s . T his has an im p o rtan t h e a r in g  on th e  
mechanism o f  p o lis h in g . In  th e  case  o f  a b ra s io n  o f  diamond by a r o ta t in g  
wheel im pregnated w ith  diamond ,p a r t i c l e s  a long i t s  p e r ip h e ry , W ilks and 
Wilks (1972) have shown a s im ila r  r e s u l t  fo r  a s im ila r  su rfa c e  m is- 
o r ie n ta t io n .  Moreover, th e y  have shown th a t  th e  su rfa c e  m is o r ie n ta tio n  
i s  v e ry  c r i t i c a l  in  th a t  th e  a n iso tro p y  along th e  <112>- d i r e c t io n s  
changes i t s  s ig n  in  th e  neighbourhood o f  (111). F urtherm ore , Tung (1965) 
and Drum and C lark  (1968, 70) have shown du rin g  e p i ta x ia l  growth on 
s i l i c o n  th a t  th e  growth r a t e  i s  slow er on ex ac t ( 111) s u r fa c e  th a n  when 
i t  i s  s l i g h t l y  m iso rie n te d  o f f  (111). That i s  why th e  in d u s t r i a l  s u b s t r a te  
s l i c e s  ( l ik e  th e  ones used in  th e  p re s e n t re s e a rc h )  a re  m iso rie n te d  
s l i g h t l y  o f f  (111) tow ards th e  n e a re s t  (110) (Townley (1973) ) .  These 
co n c lu sio n s  coupled w ith  th e  f in d in g s  o f  Wilks and W ilks make i t  v e ry  
im p o rtan t to  have th e  knowledge o f  th e  s u rfa c e  m is o r ie n ta t io n  e x a c tly .
Work in  t h i s  d i r e c t io n  was s t a r t e d  and a s p e c ia l  goniom eter was designed  . 
fo r  t h i s  pu rpose . Together w ith  th e  J a r re l-A sh  X -ray Lang cam era, t h i s  
method was b e lie v e d  to  be capab le  o f  d e term in ing  su rfa c e  m is o r ie n ta t io n  
to  w ith in  few seconds o f  a r c .  But u n fo r tu n a te ly  i t  f a i l e d ,  because 
design  o f  th e  goniom eter could  n o t be made r i g i d  enough to  cope w ith  th e  
d e s ire d  work. Work i s  in  p ro g ress  now on a m ajor change in  th e  c o ll im a tin g  
tube  o f th e  X-ray g e n e ra to r  so th a t  an o p t ic a l  system  could  be f i t t e d  in
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i t .  T his method should  be a b le  to  m easure th e  su rfa c e  m is o r ie n ta tio n  o f  
c r y s ta l l in e  m a te r ia ls  having p o lish e d  f r e e  s u r fa c e . Once i t  i s  done, i t  
w i l l  open a p a th  fo r  an im portan t p ro je c t  o f  th e  m is o r ie n ta t io n  dependence 
o f  th e  su rfa c e  damage in  s i l i c o n  (and o th e r  c r y s t a l s ) .
The (110) s i l i c o n  s l i c e s  a re  f in d in g  ex ten s iv e  u se  in  th e  f i e l d  o f  
e le c t r o n ic  dev ice  f a b r ic a t io n .  A re s e a rc h  programme, ( s im ila r  to  th e  one 
c a r r ie d  o u t on ( 111) s i l ic o n )  could  be v e ry  u s e fu l tow ards th e  s tu d y  o f  
th e  su rfa c e  damage. In  f a c t  an a ttem p t was a lso  made on such a su rfa c e  o f  
unknown c h a r a c t e r i s t i c s . I t  d id  n o t show any sense e f f e c t  due to  s c ra tc h in g  
b o th  o p t i c a l ly  and to p o g ra p h ic a lly , in  <110>, <111> and <il2>- 
d i r e c t io n s .  (Appendix I I I ) .  Because th e re  a re  a  m u ltitu d e  o f  d i r e c t io n s ,  
l ik e  < Ill> , <001>, <Il2> and <IlO> on a (110) s u r fa c e , i t  w i l l  p ro v id e  
ve ry  u s e fu l in fo rm atio n  tow ards th e  u n d ers tan d in g  o f  su rfa c e  damage.
Yet an o th er im p o rtan t f i e l d  th a t  can be u s e f u l ly  ex p lo red  i s  t h a t  o f  
th e  e f f e c t  o f  io n  im p la n ta tio n  on th e  s u rfa c e  damage a lre a d y  p re s e n t .  Ion 
im p la n ta tio n  i s  a tech n iq u e  by which fo re ig n  atoms a re  fo rced  in to  a 
s o l id  th rough th e  p ro c e ss  o f  ion  bombardment. T h is  te ch n iq u e  i s  a ls o  
f in d in g  i t s  ex ten s iv e  u se  in  th e  in d u s try  o f  sem i-conducto r dev ice  
f a b r ic a t io n .  Out o f  many problem s to  be overcome in  o rd e r  to  ach iev e  
s a t i s f a c to r y  r e s u l t s  from ion  im p la n ta tio n  a r e ,  th e  d i s t r ib u t io n  p r o f i l e s  
o f  th e  im planted  io n s , l a t t i c e  damage produced by ion  im p la n ta tio n  and 
an n ea lin g  e f f e c t s  on such a damage. C le a r ly  a l l  th e se  a sp e c ts  a re  going 
to  be d r a s t i c a l l y  a f fe c te d  i f  th e  su rfa c e  c a r r ie s  even a s l i g h t e s t  damage. 
The p re s e n t work has a lre a d y  shown th a t  p l a s t i c  flow  occurs  round s u r fa c e  
damage and sp reads ou t to  ne ighbouring  re g io n s  a t  e le v a te d  tem p era tu res  
(and even a t  room tem p era tu re  i f  s t r e s s e s  a re  h ig h ) . While th e  s c ra tc h in g  
damage has been c h a ra c te r iz e d , though p a r t l y  d u rin g  th e  p re s e n t work, i t  
w il l  be bo th  in te r e s t in g  and u s e fu l to  see  how t h i s  'dam age1 i s  damaged 
by th e  atom ic probes d u rin g  ion  im p la n ta tio n .
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APPENDIX I
DETERMINATION OF SURFACE MISORIENTATION OF A CRYSTAL
An. o p t ic a l  system  coupled w ith  th e  X-ray tube o f  th e  J a r re l-A sh  
Lang camera makes i t  p o s s ib le ,  in  p r in c ip le ,  to  measure th e  su rfa c e  
m is o r ie n ta tio n  o f  a c r y s ta l  o f f  a low index  c ry s ta l lo g ra p h ic  p la n e . 
P rev io u s ly  a method was adopted  as d e ta i le d  below:
A s ta n d a rd  goniom eter base  was used which was capab le  o f  r o ta t in g  
th e  specimen about two o rth o g o n a lly  h o r iz o n ta l  axes. A d is c  type 
specim en h o ld e r  was designed  and a tta c h e d  to  the goniom eter b a se . The
f
d is c -h o ld e r  i t s e l f  was c a l ib r a te d  in  in te r v a l s  o f  30° a long  i t s  
p e r ip h e ry . The specimen c r y s ta l  was made to  s i t  f l a t  a t  th e  c e n tr a l  
h o le  by d e n ta l wax. The goniom eter was then  fix ed  on th e  Lang camera 
tu rn ta b le .  The s c i n t i a l l a t i o n  co u n te r was s e t  a t  13° f o r
Mo ko^ l in e  and th e  c r y s ta l  was ro ta te d  in  o rd e r to  p ic k  up th e  111- 
r e f l e c t i o n ,  as shown in  F ig . 1 -1 . This was a re fe re n c e  t r i a l  to  decide  
th e  v a rio u s  c ry s ta l lo g ra p h ic  d ir e c t io n s  in  r e la t io n  to  th e  specim en.
The c r y s ta l  was th en  r o ta te d  so th a t  th e  m iso rie n te d  p o lish e d  
face  was p e rp e n d ic u la r  to  a c o llim a te d  o p t ic a l  beam, made to  t r a v e l  
p a r a l l e l  to  th e  X-ray tube a x is , th ro u g h  a p in -h o le  a t  th e  X -ray 
em ergent s l i t  c e n tr e ,  r e f l e c te d  from th e  p o lish e d  face  and made to  f a l l  
back on th e  p in -h o le  by t i l t i n g  th e  c r y s ta l  i f  n e ce ssa ry . F ig . 1-2 
shows th e  n e ce ssa ry  experim en tal arrangem ent. The specim en was s e t  so 
th a t  by r o ta t in g  i t  through 360° th e  r e f l e c te d  image o f  th e  p in -h o le  
co in cid ed  w ith  i t s  o b je c t ,  when th e  su rfa c e  was a c c u ra te ly  norm al to  th e  
X-ray beam. From th e  111- r e f l e c t io n  d e sc rib e d  above, th e  c r y s ta l  was 
ro ta te d  through 30° clockw ise to  b r in g  th e  (022) p la n es  in to  th e  
r e f l e c t in g  p o s i t io n .  The tu rn ta b le  p o s i t io n  fo r  th e  norm al in c id e n t  
p o s i t i o n .0^ was reco rd ed . The s c i n t i l l a t i o n  coun ter was s e t  a t  
2 0g = 21 .3° ( fo r  th e  Mo ka ,^ l in e )  w ith  re s p e c t  to  th e  in c id e n t  X -ray
JL39
In c id e n t
beam
i
8i i L
[m]
/
— A sense o f  
I 1 r o ta t io nJ /
D if f r a c te d
beam
F ig . 1 -1 . A lignment o f  th e  c r y s ta l  fo r  
' th e  111-  r e f l e c t i o n .
s l i t /
sc ree n  c o llim a to r
p source
c r y s ta l
goniom eter
base
F ig . 1 -2 . Schem atic o f  th e  p r in c ip le  used 
fo r  th e  alignm ent o f  th e  c r y s ta l  
su rfa c e  normal to  th e  o p t ic a l  
beam.
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beam and was n o t d is tu rb e d  u n t i l  a l l  th e  s ix  022-  type r e f le c t io n s  were 
com plete. The s c a n - ta b le  was then  r o ta te d  so th a t  th e  X -ray beam 
d i f f r a c te d  from the  [022) p lan es  was d e te c te d . F ine ad justm en t to  
improve in te n s i ty  was made so t h a t  th e  Ka^and kc^ peaks were w e ll 
re s o lv e d , w ith  (ka^/ka^) i n t e n s i ty  r a t i o  equal to  2. The new p o s i t io n  
o f  the* tu rn ta b le  ©2 was a lso  reco rd ed . The d if fe re n c e
62 “ 61 = 6B220 ± dwl
where dw  ^ was th e  component o f  th e  su rfa c e  m is o r ie n ta tio n  a long  th e
(O il) -  p la n e . Follow ing th e  same approach th e  r e s t  o f  th e  f iv e  022-
ty p e  r e f le c t io n s  were com pleted by r o ta t in g  th e  c r y s ta l  in  s te p s  o f
60° in  th e  same sense  o f  r o ta t io n -  about th e  h o r iz o n ta l  a x is .  For each
r e f l e c t i o n  i t  was ensured th a t
( i )  th e  s c i n t i l l a t i o n  co u n te r was n o t d is tu rb e d  a t  a l l ,
( i i )  th e  ka^ and kc^ peaks were w ell re so lv e d , 
and ( i i i )  th e  (k a^ /k a2) i n t e n s i ty  r a t i o  e q u a lled  2 .
The v a lu es  o f  dw so o b ta in ed  were then  p lo t te d  a g a in s t  th e  ang le
o f  c r y s ta l  r o ta t io n  ft. The maximum (o r  minimum) o f  dw read  o f f  th e
p l o t  measured th e  m is o r ie n ta tio n . However, du rin g  th e  course  o f  tim e i t  
was r e a l i s e d  th a t  th e  goniom eter was n o t r i g i d  so t h a t  th e  a n g u la r  
measurements may have s u b je c t  to  la rg e  u n sy stem atic  e r r o r s .  A lthough 
th e  method was based  on a sound and w orkable p r in c ip le ,  th e  p re c is e  
measurement o f  a sm all su rfa c e  m is o r ie n ta tio n  could  n o t be ach ieved  due 
to  th e  in s tru m e n ta tio n  problem .
An a l te r n a t iv e  arrangem ent has been con sid ered  in  which an o p t ic a l  
system  w i l l  be f i t t e d  in s id e  th e  c o llim a tin g  tu b e . This o p t ic a l  system  
w i l l  p ro v id e  a co llim a ted  beam o f  l i g h t  t r a v e l l in g  a long  th e  a x is  o f  
th e  c o ll im a tin g  tube ( o f  th e  X -ray u n i t )  assumed to  be p r a l l e l  to  th e  
beam o f  in c id e n t  X -rays. Then th e  111- r e f l e c t io n  from th e  (111) p lan e  
n e a r  th e  f r e e  su rfa c e  w i l l  be  used to  d e te c t  th e  p o s i t io n  X o f  th e  
d i f f r a c te d  X-ray beam as shown sc h e m a tic a lly  in  F ig . 1 -3 . A sc ree n  p u t
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a t  th e  p o s it io n  o f  th e  s c i n t i l l a t i o n  co u n te r s l . i t  should  enab le  the  
measurement o f  th e  d isp lacem ent Ax o f th e  r e f le c te d  beam o f  l i g h t ,  L, 
due to  th e  su rfa c e  m is o r ie n ta tio n  A6 o f f  (111). From th e  geometry o f  
th e  f ig u r e ,
A0 = A x/2r
where th e  d is ta n c e  r  can be measured and hence th e  su rfa c e  m is o r ie n ta tio n  
determ ined . The design  o f  th e  o p t ic a l  system  i s  in  p ro g re ss  and i t  i s  
hoped th a t  when ready i t  w i l l  be a u se fu l techn ique  to  so lv e  th e  problem  
o f  su rfa c e  m is o r ie n ta tio n .
In c id e n t X-ray 
and O p tica l Beams
Free Surface
c r y s ta l
(111) p lan e  
n e a r the  
f r e e  su rfa c eAx
screen
Fig .. 1 -3 .
D eterm ination  o f  su rfa c e  m is o r ie n ta tio n  o f  a c r y s ta l ,
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APPENDIX II
DETERMINATION OF LINE DIRECTION OF A DISLOCATION
A method based  on v e c to r  a n a ly s is  was used fo r  d e te rm in in g  th e  
l in e  d i r e c t io n  o f  a d is lo c a t io n .  I t  r e q u ire s  a t  l e a s t  two m icrographs 
along  w ith  th e  co rrespond ing  d i f f r a c t io n  p a t te rn s  in  d i f f e r e n t  r e f l e c ­
t io n s .
The beam d ir e c t io n  B can be determ ined  a c c u ra te ly  by in d ex in g  a 
d i f f r a c t io n  p a t te r n  by co n v en tio n al methods (H irsh  e t  a l .  (1965) Murr 
(1970) ) . This d e fin e s  th e  view ing p lan e  in  which th e  m icrograph shows
f
th e  p ro je c te d  image o f  th e  l in e s  o f  i n t e r e s t .
F ig . I I - l  shows th e  g eom etrica l arrangem ent o f  th e  p ro c e s s .
ABCD i s  th e  view ing p lan e  d e fin ed  by B. The unknown d i r e c t io n  x 
( to  be determ ined) has been p ro je c te d  as P in  the  view ing p la n e . In  
t h i s  p lan e  R i s  a re fe re n c e  d i r e c t io n  which most co n v en ien tly  can be 
taken  as th e  r e f l e c t io n  v e c to r  g i t s e l f .
I t  can be shown from F ig . I I - l  th a t
where 0 i s  th e  angle  between th e  p ro je c te d  le n g th  P and th e  re fe re n c e
BT2
and
0 = cos
l E l l R l
x
F ig . I I - l
* D eterm ination  o f  l in e
d ir e c t io n  o f  a d is lo c a t io n
d ir e c t io n  R. Thus, knowing B and R (= g v ec to r) from th e  d i f f r a c t io n  
p a t te r n ,  x can be found by t r i a l  and e r r o r  such th a t  th e  ang le  8 from 
l a s t  eq u a tio n  equals  th e  measured angle  8 between th e  p ro je c te d  le n g th  
o f  th e  l in e  and th e  r e f l e c t io n  v e c to r  drawn on the  m icrograph a f t e r ,  
ta k in g  in to  account th e  p ro p e r image r o ta t io n  w ith  re s p e c t  to  th e  
d i f f r a c t io n  p a t te r n .  The x then  can be checked on a s e t  o f  m icrographs 
produced by d i f f e r e n t  r e f l e c t io n s .
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APPENDIX I I I
SCRATCHES ON (110) SILICON
The p re s e n t  work on X-ray topography o f  s c ra tc h e s  on n e a r  (111) 
s i l i c o n  p ro v id es  a m u ltitu d e  o f  i n te r e s t in g  o b se rv a tio n s . I t  was though t 
t h a t  o th e r  s i l i c o n  su rfa c e s  should  a lso  be s tu d ie d  by s c ra tc h in g . 
A ccord ing lya.p iece o f  s i l i c o n  in g o t grown along th e  [111] a x is  was s l i c e d  
by a diamond saw in  o rd e r  to  p re p a re  a (110) s u r fa c e , which was th en  • 
p o lish e d  and e tched  to  remove su rfa c e  damage. S c ra tch es  under a  load  
o f  50 gm in  th e  <110>- and <112>- d ir e c t io n s  were p u t on th i s  5 mm x 10 mm 
c r y s ta l  (by th e  V ickers m icrohardness in d e n te r)  and examined by X-ray 
topography (which re v e a le d  th a t  th e  m a te r ia l  was n o t d is lo c a t io n  f r e e ) .
On t h i s  su rfa c e  th e  w idth  o f  th e  s t r a i n  f i e l d  was n o t dependent on 
th e  sense o f  s c ra tc h in g , although* th e  type  I and I I  ( in s id e  and o u ts id e  
th e  s c r a tc h  groove re s p e c tiv e ly )  c o n tra s t  fe a tu re s  o f  s e c t io n  3-6 
were p re s e n t  (F ig .H f-1  to  4 ) .  When th e  g- v e c to r  was p e rp e n d ic u la r  to  
a s c r a tc h  le n g th  a l in e  o f  no c o n tr a s t  a t  th e  c e n tre  o f  th e  s c r a tc h  
was v i s ib le  in d ic a t in g  a component o f  th e  s t r a i n  f i e l d  p a r a l l e l  to  th e  
s c r a tc h  le n g th . When th e  g- v e c to r  was p a r a l l e l  to  th e  s c r a tc h  le n g th , 
a th in n in g  o f  th e  s t r a i n  f i e l d  was observed  u n lik e  s c ra tc h e s  on (111) 
s u rfa c e  (F ig .m -2  and 4 ) .  In  th e  case  o f  <110>- s c r a tc h e s ,  a maximum 
w id th  o f  a s s o c ia te d  c o n tra s t  appeared  in  th e  224- r e f l e c t i o n  ( i . e .  when 
th e  g- v e c to r  was making an angle  o f  55° w ith  th e  s c r a tc h  le n g th  
(F ig .III-4 ) ) .  This suggested  th a t  a  m ajor component o f  th e  r e s id u a l  
s t r e s s  was making an acu te  angle  w ith  th e  s c r a tc h  le n g th . Thus th e  
d isp lacem en t components in s id e  and o u ts id e  th e  s c ra tc h  grooves were n o t 
complementary to  each o th e r ,  though s t i l l  th ey  were ly in g  in  th e  ( 110) 
su rfa c e  p la n e .
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LH2]«
[l I 2 ]  - — >
Fig. I I I - l  x 60
X-ray topographs o f  a p a i r  o f  <112>- sc ra tch es  
on (TlO) s i l i c o n  showing a l in e  o f  no c o n t ra s t  
bounded by the  wings o f  c o n tra s t  when g- v ec to r  
i s  normal to the sc ra tc h  leng th .
Agka^ r a d ia t io n  used.
R e f lec t io n :  III
g- v e c to r  v e r t i c a l  from bottom to  top .
[ I I 2 J —
9
Fig. I I I —2 x 60
Same as Fig. I I I - l  showing maximum c o n t ra s t  
a t  the  cen tre  o f  the  groove when g- vec to r  
i s  p a r a l l e l  to  the  s c ra tc h  length .
Agka^ r a d ia t io n  used.
R ef lec t io n :  224
g- v ec to r  h o r iz o n ta l  from l e f t  to  r i g h t
[I 10]------>
Fig. 111 — 3 x 60
X-ray topograph o f  a p a i r  o f  <110>- sc ra tch es  
on (110) s i l i c o n  showing a l in e  o f  no c o n t ra s t  
bounded by enormous wings o f  c o n t ra s t .
Agka^ r a d ia t io n  used.
R ef lec t io n  224.
[ n o ]  >
[1 1 0 ]*
NT’*'
Fig. I I I - 4  x 60
Same as Fig. I I I - 3 showing maximum c o n tra s t  
a t  the  cen tre  o f  the  groove while wings o f  
the  sc ra tc h e s  have shrunk.
Agka^ r a d ia t io n  used.
R ef lec t io n :  220
g- v ec to r  h o r iz o n ta l  from r ig h t  to l e f t
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38 . ANISOTROPY AND SENSE EFFECTS OF SCRATCHING 
(111) SILICON SURFACES
K.E. P u t t i c k ,  A .S .T . B ad rick ,
F. E ldeghaidy  and M.A. S hahid .
Departm ent o f P h y s ic s , U n iv e rs ity  o f Surrey
S c ra tc h es  made by a diamond s ty lu s  under c o n s ta n t load  on
(111) s i l i c o n  s u rfa c e s  have been examined by m icroscopy and X -ray 
topography. The w idth  o f damage re v e a le d  by tra n s m is s io n  XRT has 
been found to  be m arkedly dependent on s c r a tc h  o r i e n ta t io n ,  be in g  
g r e a te s t  fo r  <112> and l e a s t  fo r  <110> d i r e c t io n s .  The w id th  o f  the  
zone o f to p o g rap h ic  c o n tr a s t  a s s o c ia te d  w ith  a s c r a tc h  a lso  shows a 
marked sen se  e f f e c t  fo r  <112>, as do photom icrographs o f th e  chipped 
zone. The d i r e c t io n  o f g r e a te s t  to p o g rap h ic  damage i s  th a t  o f l e a s t  
su rfa c e  c h ip p in g .
T )l P m n n r l 1  n n c
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
38. SCANNING AND TRANSMISSION ELECTRON MICROSCOPY 
OF SCRATCHES AND INDENTATIONS ON A 
NEAR (111) SILICON SURFACES
K.E. P u t t i c k  and M.A. Shahid
U n iv e rs i ty  o f  S u rrey ,
G u ild fo rd
SEM o b se rv a tio n s  on h e a v ily  ch ipped  s c ra tc h e s  in  [ l l 2 ]  d i r e c t io n s
have shown th a t  th e  f r a c tu r e  w hich c r e a te s  a ch ip  o c c a s io n a lly  s e c t io n s
th e  deformed re g io n  a t  th e  bo ttom  o f  th e  s c r a tc h  groove, re v e a lin g  a th in
la y e r  o f m a te r ia l  w ith  an i r r e g u l a r  f r a c tu r e  on a s c a le  o f  th e  o rd e r  o f
a  few hundred X. In  o rd e r  to  e lu c id a te  t h i s  phenomenon we have s tu d ie d
in d e n ta tio n s  and s c ra tc h e s  a t  v e ry  l i g h t  lo ad s  (1-5 gm) by tra n sm iss io n
e le c tro n  m icroscopy. T his shows th a t  under th e se  co n d itio n s  th e  damage
• •
i s  a p p a ren tly  e n t i r e l y  in  the  form  o f  d i s lo c a t io n s ,  w ith  no f r a c tu r e .
A la rg e  p ro p o r t io n  o f  th e  d i s lo c a t io n s  a re  a p p a re n tly  n u c le a te d  
a t  th e  s u r fa c e , su g g e s tin g  th a t  f r i c t i o n a l  t r a c t io n s  a re  im p o rtan t in  th e  
i n i t i a t i o n  o f p l a s t i c  flow . The d i s lo c a t io n s  a re  presum ably n u c le a te d  
a t  th e  th e o r e t ic a l  s t r e s s  re q u ire d  f o r  g e n e ra tio n  in  a  p e r f e c t  l a t t i c e
(s in c e  th e  i n i t i a l  m a te r ia l  was d i s lo c a t io n  f r e e ) .  •
S lid in g  a l i g h t l y  loaded  in d e n te r  on such a su rfa c e  a ls o  p roduces
damage in  th e  form p f  a h ig h  d e n s i ty  o f  d i s lo c a t io n s .  I t  i s  th e re fo re
suggested ' th a t  th e  f in e -g r a in e d  f r a c tu r e  observed  in  the  c e n tre  o f  the  
s c ra tc h  groove i s  th e  r e s u l t  o f  m ic ro c rack in g  a t  d is lo c a t io n s  under th e  
t e n s i l e  s t r e s s e s - i n  th e  r e a r  o f  th e  s l i d in g  in d e n te r .
Diamond C onference, 1976
